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PRINCIPLES  OF  PROTECTION  OF  GROUND  BASED  RADIO  STATIONS  AND 
OTHER  INSTALLATIONS  FROM  DAMAGE  BY  LIGHTNING 

ABSTRACT: 

primary  purpose  of  this  manual  is  to  supply  recommendations  for  the 
protection  of  vulnerable  equipment  in  Naval  H.F.  radio  stations  from  the 
damaging  effects  of  lightning  strikes  in  areas  of  relatively  high  lightning 
incidence.  The  recommendations,  v;hich  can  be  applied  to  any  installation 
containing  electronic  equipment  operating  in  a high  lighting-incidence  area, 
include  methods  of  interception  of  direct  strokes,  protection  against  induced 
current  and  voltage  surges,  and  protection  against  ground  currents  due  to 
lightning. 

The  expected  number  of  lightning  strikes  per  year  to  an  installation 
may  be  based  on  the  thunderday  level  for  the  region.  This  information  may  be 
combined  with  the  statistical  distributions  of  peak  current  in  lightning 
flashes  to  predict  the  frequency  of  occurrence  of  Injected  currents  of  various 
magnitudes.  Adequate  earthing  arrangements,  depending  on  the  local  soil 
resistivity,  will  prevent  excessive  potentials  within  or  between  various 
parts  of  an  installation.  With  suitably  placed  grounded  overhead  shield 
wires.  It  should  be  possible  to  prevent  to  direct  strikes  to  any  vulnerable 
part  of  an  installation  excepting  antennas.  Receiving  antennas  are  vulner- 
able, and  special  measures  may  be  needed  t^o  protect  connected  equipment. 
Measures  are  recommended  to  protect  R.F.  feeder  runs  to  both  transmitting 
and  receiving  antennas  from  direct  strike.  Power  and  signal  conductors  may 
be  subjected  to  induced  surges  even  when  protected  from  direct  strike. 
Protection  of  connected  equipment  can  be  achieved  by  surge  diverters , gas 
arresters,  current  limiting  series  impedances,  and  various  forms  of 
secondary  protection. 

The  recommended  protectives  measures  should  reduce  damage  to  vulnerable 
equipment  and  increase  personnel  safety  in  a high  lightning  incidence  area. 
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1.  INTRODUCTION 

I 1.1  Features  of  the  lightning  discharge  to  ground 

; The  following  description  of  the  lightning  discharge,  and  its  effects 

I on  structures  is  the  result  of  research  carried  out  intermittently  in  various 

parts  of  the  world  since  the  eighteenth  century.  Many  aspects  of  the  pheno- 
mena are  still  poorly  understood,  and  experts  differ  in  their  explanations 
and  theories.  Even  apparently  simple  measurements,  such  as  counting  the 
number  of  lightning  discharges  in  a given  area  and  time  interval,  or  measur- 
ing current  waveshapes  in  lightning,  have  proved  difficult  to  carry  out. 
Nevertheless  sufficient  is  known  to  specify  protective  measures  for  instal- 
lations which  will  ensure  a reasonable  degree  of  immunity  from  lightning 
damage.  A glossary  is  provided  for  the  reader  unfamiliar  with  the  terms 
used  in  describing  lightning  phenomena,  (p.  6 3). 

A lightning  discharge  to  ground  injects  into  the  stricken  point  a 
current  typically  about  20kA,  and  occasionally  in  excess  of  lOOkA.  The 
current  rises  to  peak  value  in  a few  ps  and  has  a maximum  rat.^  of  rise 
typically  10^®  As~^  and  occasionally  up  to  10^^  As~^ . This  current  is  for 
practical  purposes  independent  of  the  impedance  to  ground  at  the  stricken 
point.  Thus  the  voltage  rise  produced  in  an  engineering  structure  is 
calculable  from  the  impedance  presented  to  the  assumed  lightning  current 
waveshape,  and  m.ay  well  be  a few  MV  for  elevated  structures.  The  high  initial 
rate  of  rise  and  peak  value  of  the  lightning  current  is  followed  by  a variety 
of  current  waveshapes,  of  lesser  magnitude  but  longer  duration. 

Detailed  descriptions  of  the  lightning  discharge  are  given  in  refer- 
ences [1]  to  [5].  A typical  lightning  flash  to  ground  consists  of  several 
separate  strokes,  each  of  which  injects  a separate  current  impulse  lasting 
less  than  1ms  into  the  stricken  point.  The  time  interval  between  strokes  is 
about  50ms.  During  most  interstroke  intervals  the  injected  current  falls 
almost  to  zero,  but  in  about  50%  of  flashes,  a stroke  is  followed  by  a con- 
tinuing current  of  about  200A  lasting  about  100ms.  The  complete  current 
' waveshape  passing  through  a resistive  portion  of  an  engineering  structure 

will  cause  heating  by  the  Injection  of  10^  to  10^  J per  ohm  of  resistance. 

This  may  cause  melting  of  thin  metal  structures,  or  burning  of  resistive 

materials. 

A knowledge  of  the  detailed  structure  of  the  complete  lightning  dis- 
charge is  not  usually  required  for  purposes  of  determining  protection  of 
equipment,  as  damage,  if  any,  usually  occurs  at  the  beginning  of  the  first 
stroke.  However  the  subsequent  current  waveshape  contributes  to  energy 
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injection,  and  there  may  be  special  situations  v;here  the  effects  of  con- 
tinuing currents, or  the  effects  of  several  successive  strokes  in  a single 
discharge,  should  be  considered. 

Any  conductor  near  a lightning  discharge  path,  or  near  another  con- 
ductor struck  by  lightning,  will  have  a voltage  surge  induced  in  it  by 
electric  and  magnetic  coupling.  Tliese  surges  involve  less  voltage  and  energy 
than  those  caused  by  a direct  strike,  but  may  be  sufficient  to  damage  some 
classes  of  equipment. 

Lightning  strikes  to  ground  near  an  installation  may  cause  currents 
to  enter  the  installation  through  earth  connections.  The  amount  of  current 
will  be  a fraction  of  the  current  injected  by  the  lightning  stroke;  the 
fraction  being  determined  by  the  resistivity  and  structure  of  the  ground, 
and  the  distance  from  the  lightning  strike  to  the  earth  connections.  Tliis 
will  cause  the  installation  local  earth  potential  to  rise,  and  may  cause  an 
excessive  voltage  difference  between  the  local  "earth"  and  incoming  con- 
ductors from  other  parts  of  the  installation,  unless  suitable  protective 
devices  limit  the  voltage  difference. 

Thus  the  threat  of  lightning  damage  to  engineering  structures  and 
equipment  can  be  described  in  terms  of  excessive  voltages  and  currents 
caused  by  a direct  strike,  by  induced  surges,  and  by  ground  currents. 

1.2  Variability  of  thunderstorm  and  lightning  characteristics 

The  recommendations  contained  herein  apply  primarily  to  areas  of 
relatively  high  lightning  incidence,  implying  a thunderday  level  greater 
than  AO  per  year,  and  a corresponding  number  of  lightning  flashes  to 
grotand  per  unit  area  and  per  year  (ground  flash  density)  greater  than 
2 km”'^  yi^~^  • The  extent  to  which  the  recommendations  are  applied  in  areas 
of  lesser  lightning  incidence  will  depend  on  economic  factors,  and  the 
Importance  of  the  continuity  of  the  service  provided.  It  is  a matter  of 
observation  that  there  are  large  year-to-year  variations,  so  it  must  be 
expected  that  occasionally  an  installation  will  be  struck  by  lighting  far 
more  often  than  would  be  expected  from  the  long-term  average.  These 
periods  of  high  incidence  will  occur  in  Intense  thunderstorms  of  a few 
hours  duration.  Thus  it  would  be  unwise  to  assume  that  lightning  strikes 
to  an  installation  will  always  occur  singly  in  time,  with  opportunity  to 
repair  damage  following  the  strike.  The  m«re  conservative  assumption  is  a 
long  period  of  inactivity  followed  by  a short  period  with  several  strikes 
in  succession  and  no  opportunity  to  repair  damage  between  strikes. 


There  are  substantial  variations  in  the  estimates  of  lighting  para- 
meters made  ty  investigators  of  lightning.  The  values  of  parameters  stated 
here  and  assumed  in  ealeulations  are  selected  so  as  to  result  in  conservative 
recommendations.  It  follows  from  this  uncertainty  regarding  the  character- 
istics of  lightning,  and  the  frequency  with  which  any  given  installation  will 
be  struck,  that  precise  calculations  of  currents,  voltage,  and  imparted 
energy  in  a particular  equipment  are  not  usually  justified.  It  is  generally 
sufficient  to  make  order-of-magnitude  calculations  to  determine  the  level  of 
protection  necessary  in  a particular  situation  and  then  adopt  a standardised 
set  of  protective  measures. 

1.3  Protection  of  an  installation 

1.3.1  Ju6ti{,iccvUon  ^ofL  lightning  pfiotzation 

The  decision  as  to  the  extent  of  lightning  protection  justifiable  for 
any  particular  installation  is  an  economic  one  which  must  be  based  on  a 
comparison  of  the  additional  cost  of  providing  the  protection,  the  estimated 
cost  of  repairing  unprotected  damaged  equipment,  and  the  cost  of  an  interrup- 
tion to  the  service  provided  by  the  installation.  Some  factors  which  should 
be  considered  in  this  comparison  are  as  follows. 

(1)  Provision  of  lightning  protection  at  the  time  of  designing  the  instal- 
lation and  specifying  the  associated  equipment  may  be  cheaper  than 
provision  of  equivalent  protection  after  the  completion  of  the 
Installation. 

(ii)  A single  lightning  strike  may  simultaneously  damage  several  parts  of 
an  unprotected  installation. 

(iil)  The  provision  of  lightning  protection  has  incidental  benefits,  such 
as  minimising  equipment  malfunction  caused  by  switching  surges. 

(iv)  The  general  trend  towards  replacing  vacuum  tube  devices  by  solid 

state  devices  increases  the  need  for  surge  protection.  Vacuum  tubes 
can  withstand  surge  currents  and  voltages  far  in  excess  of  steady- 
state  ratings  whereas  solid-state  devices  are  more  vulnerable  to 
transient  overvoltages  and  transient  excess  energy  injection. 
Protective  measures  satisfactory  with  vacuum  tube  equipment  may  not 
be  adequate  with  solid-state  equipment. 

(v)  Provision  of  lightning  protection  will  Increase  the  personal  safety 
of  those  who  have  to  operate  equipment  during  thunderstorms. 
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1.3.2  StAa.te.gij  tiglitning  p.wtecticii 

The  basic  strategy  in  protecting  an  installation  is  as  follows: 

(i)  Provision  of  a system  of  overhead  earthed  conductors  to  intercept 
direct  lighting  strikes  as  far  as  is  technically  permissible. 

An  overhead  earthed  conductor  plays  an  active  role  in  diverting 
a lightning  stroke.  The  first  stroke  of  a lighting  flash  is  initiated 
by  a leader  which  progresses  from  the  thundercloud  towards  earth. 
Normally,  the  leader  conveys  negative  charge  from  the  thundercloud,  and 
during  its  progression  to  earth  deposits  negative  charge  in  a sheath 
along  its  path.  When  the  leader  tip  is  about  lOOra  from  earth,  the 
electric  field  at  the  earth's  surface  caused  by  the  leader  charge 
rises  to  such  a higli  value  that  breakdown  occurs  at  elevated  objects 
on  the  ground  especially  if  their  shape  tends  to  increase  the  local 
electric  field.  The  resulting  streamers  progress  towards  the  tip  of 
the  downcoming  leader.  Several  such  streamers  may  start,  but  usually 
only  one  reaches  the  dov;ncoming  leader.  When  this  happens  the  higli- 
current  return  stroke  commences.  The  successful  streamer  may  move 
laterally  for  tens  of  metres,  as  well  as  upward,  thus  effectively 
diverting  the  lightning  from  the  path  which  would  have  been  followed 
in  the  absence  of  the  elevated  object. 

(ii)  For  structures  whose  function  would  be  adversely  affected  by  an  over- 
head conductor,  provision  of  means  for  diverting  the  full  lightning 
current  to  earth. 

The  only  structures  to  which  this  applies  in  radio  stations  are 
open-wire  aerials  and  monopoles.  Aerials  connected  to  transmitters 
are  likely  to  be  struck  periodically,  and  the  full  lightning  current 
delivered  down  the  RF  feeder.  The  normal  method  of  protection  is  by 
spark  gaps,  which  experience  has  shown  to  protect  adequately  the 
power  vacuum  tubes  in  the  final  stages  of  transmitters.  Occasional 
damage  to  balun  transformers  and  other  components  between  transmitter 
and  RF  feeder  is  accented  as  inevitable. 

Some  aerials  used  for  receiving  are  currently  protected  by  a 
combination  of  spark  gaps,  fuses  and  neon  tubes,  (section  5.2).  It  is 
probable  that  many  existing  open  wire  aerials  could  have  their  light- 
ning resistance  improved  by  the  minor  changes  detailed  in  sections 
3.1  and  6.5.9,  namely  extension  to  supporting  towers  to  help  inter- 
cept lightning,  Increasing  Insulation  between  tower  and  aerial  and 
replacing  spark  gaps  by  gas  arresters. 


The  protection  o£  nouopoles  from  the  effects  of  a direct  strike 
preseitts  a special  problem.  Current  practice  is  to  accept  occasional 
destruction  of  the  balun  transformer  used  to  couple  the  nionopole  to 
the  coaxial  cable,  and  to  use  a gas  arrester  to  prevent  damage  to  the 
cable  and  connected  equipment. 

(iii)  For  conductors  exposed  to  induced  surges  and  connected  to  vulnerable 

equipment,  the  provision  of  suitable  means  for  diverting  surge  current 
to  earth  and  preventing  a voltage  rise  above  the  insulation  level  of 
equipment . 

(iv)  Provision  of  a system  of  in-earth  conductors  to  provide  a low  impedance 
path  for  earth  currents,  thus  preventing  dangerous  rises  in  local  earth 
potential  near  an  Installation. 

(v)  Provision  of  a suitable  protective  components  at  the  points  of  connect- 
ion of  signal  and  power  conductors  to  equipment  used  in  an  installation. 
These  components  should  preferably  be  included  at  the  design  stage  and 
built  into  the  equipment,  but  may  alternatively  be  included  as  separate 
units  interposed  between  an  existing  item  of  equipment  and  its  signal 
and  power  connections. 

Thus  the.  methods  of  protection,  decribed  in  detail  below,  can  be  sum- 
marized as  surge  current  diversion,  insulation  coordination,  and  adequate 
earthing. 
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Fig.  2 Relation  between  lightning  flaeh  density  and  thundandayc.  pen  yeav, 
based  on  information  in  \_8-22'\. 


Fig.  1 Tkimderday s per  year  in  Australia.  Adapted  from  the  thunderday  map 
issued,  by  the  Bureau  of  Meteorology , Aiustralia,  based  on  ten  years 
of  records  1914  to  1902. 
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Fig.  4 Peak  current  in  lightning  flashes  to  ground. 

(i)  Frequency  distribution  of  lightning  currents  to  objects 
20m  or  more  high  based  on  [jj]  to  [22]. 

(ii)  Limits  within  which  most  measured  distributions  fall, 
from  [3]. 


(Hi)  Synthetic  distribution  for  strokes  to  level  ground, 
from  123} . 


11. 

2.  CHARACTERISTICS  OF  LIGHTNING  CURRENTS 

Tlie  ligbtniug  curveiit  \/hich  flows  in  a stricken  oq-zosed  structure  is 
believed  to  be  almost  independent  of  the  impedance  of  the  structure.  The 
lightning  stroke  is  therefore  represented  as  a current  source,  v.’ith  peal. 
current  and  waveshape  characteristics  occurring  according  to  the  statistical 
distributions  given  below.  The  frequency  of  occurrence  of  lightning  strikes 
to  a structure  is  related  to  the  ground  flash  density,  which  is  normally 
estimated  from  the  number  of  thunderdays  per  year  at  the  site. 

2.1  Estimation  of  ground  flash  density 

Thunderday  levels  over  Australia  are  given  in  Fig.  1,  based  on  [b].A 
procedure  for  assessing  the  lightning  risk  at  any  site  is  given  in  section 
3.4  of  [7].  This  may  be  useful  in  determining  the  degree  of  lighting  pro- 
tection justified  at  a site  for  which  no  previous  records  of  lightning 
incidence  exist. 

Ground  flash  density  may  be  estimated  from  the  thunderday  level  using 
the  relation  sho^'m  in  Fig.  2.  Wliere  no  thunderday  information  is  available, 
the  latitude  of  the  site  may  be  used  in  Fig.  3 to  estimate  these  quantities. 
Details  of  the  source  information  is  given  in  [8]  to  [12].  From  the  above 
information,  the  expected  number  of  lightning  strikes  per  year  tc  any 
installation  is  given  by: 

No.  of  lightning  strikes  per  year  = NgA  (1) 

where  Ng  = ground  flash  density  (km“2  yr“^)  and  A = effective  area  of 
Installation  (km^).  In  applying  (1)  to  an  area  of  flat  open  ground,  A is 
equal  to  the  actual  area  of  ground  under  consideration. 

2.2  Lightning  currents  in  lov/  level  installations 

Frequency  distributions  of  peak  current  in  lightning  strokes  have 
been  reported  in  [13]  to  [22].  The  heavy  line,  marked  (i)  in  Fig.  4 gives 
a frequency  distribution  of  lightning  currents  which  is  reasonably  close  to 
the  majority  of  published  measurements.  The  lines  labelled  (ii)  show  the 
limits  between  which  most  measured  distributions  fall.  Most  measurements 
have  been  made  on  tall  towers,  transmission  lines,  and  tall  buildings. 

In  [23],  by  allowing  for  the  effect  of  structure  height  on  the  measured 
distributions,  the  synthetic  distribution  of  line  (ill)  is  proposed  as 
the  frequency  distribution  of  currents  to  open  ground  and  structures  less 
than  about  5m  high.  From  this  distribution,  approximately  50%  of  peak 
currents  exceed  16kA,  10%  exceed  45kA  and  3%  exceed  80kA.  Considering, 
for  example,  a low-level  installation  covering  an  area  of  0.5kra^  in  an 
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Fig.  5 Radius  of  zone,  Tq^,  oi'er  which  lightning  flaches  are  intercepted 
by  an  elevated  struatui-e  of  height  h according  to  Eq.  7 in  [j] 
r^  = 80^  {exp  (-0.  02h)-exp(-0.  05h)}  + 400{l-exp  (-10~^h'^ ) },  and 
h in  metres.  Broken  lines  hidicate  constant  ra/h  ratio. 


HEIGHT  OF  STRUCTURE  , m 


Fig.  6 Number  of  lightning  strikes  per  year  to  an  elevated  structure, 
(i)  According  to  [3]  with  32  thunderdays/year  and  latitude 
45^  (Northern  hemisphere). 

(ii)  According  to  [2^^]  with  30  thunderdays/year. 
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area  where  Ng  = 6km”^  yr  The  ins'tallatlon  will  be  struck  3 tiir.cs  per 
year,  or  30  times  In  10  years.  Hence  a peak  current  of  SOkA  can  be 
expected  somewhere  in  the  iitstallation  every  10  years,  a peak  current  of 
45kA  every  3 years,  and  a peak  current  of  16kA  every  2/3  of  a year.  A 
peak  current  of  SOkA  is  therefore  selected  as  a reasonable  basis  for 
"worst  case"  calculations,  and  gives  an  expected  protection  failure  rate 
of  not  more  than  one  failure  iir  10  years  in  the  above  example,  assuming  no 
lightning  current  below  SOkA  causes  failure. 

2.3  Lighting  currents  in  elevated  structures 

Any  elevated  structure  tends  to  protect  an  area  of  surrounding  ground, 
as  the  lightning  path  is  diverted  towards  the  structure.  The  means  whereby 
this  occurs  is  explained  in  section  1.3.2,  although  the  details  of  the 
process  are  not  well  understood.  The  relation  between  the  height  of  an 
object,  h,  and  the  extent  to  which  the  object  can  divert  sideways  the 
path  of  lightning  determines  the  radius,  raj  of  the  zone  over  which  the 
object  is  likely  to  intercept  the  lightning  strike.  The  higher  the  object, 
the  greater  the  size  of  the  zone  below  protected  from  lightning.  In  [3] 
empirical  relations  are  presented,  which  have  been  used  to  compute  the 
relation  betw’een  and  h given  in  Fig.  5. 

It  is  probable  that  the  Impedance  of  the  source  supplying  current  to 
an  upward  s ■.reamer  affects  the  rate  of  growth  of  the  stream.er.  Thus  a 
streamer  fed  from  a low  impedance  source,  such  as  the  top  of  an  earthed 
mast,  has  a greater  probability  of  meeting  the  down-coming  leader  than  a 
streamer  fed  from  a higher  impedance  source  supported  by  the  mast,  such  as 
an  aerial.  Thus  the  mast  tends  to  protect  the  aerial,  even  though  not  much 
higher  than  it. 

For  an  installation  containing  elevated  structures,  or  on  a hill  top, 
or  both,  the  effective  area  i's  greater  than  the  ground  plan  area,  and  may 
be  estimated  as  indicated  in  Appendix  1.  As  a result,  the  number  of  light- 
ning strikes  is  greater  than  would  occur  to  the  same  area  of  flat  ground. 

For  an  isolated  structure  of  height  h (m) , the  number  of  strikes  per 
year  to  the  structures  increases  with  h in  the  manner  shown  in  Fig.  6 for  a 
region  with  about  30  thunderday  per  year  based  on  [3]  and  [24]. 

A further  complication  is  that  the  attractive  distance  of  an  elevated 
object  is  believed  to  be  greater  for  large-current  strokes  than  for  small- 
current  strokes.  The  reason  advanced  for  this  is  that  large-current  strokes 
are  associated  with  large  amounts  of  leader  charge,  hence  large  fields  at 
ground  level,  hence  longer  upward  streamers  which  may  permit  greater  lateral 
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Fig.  7 Effeat  of  tower  height  on  median  value  of  peak  current  in  frequency 
distribution  of  lightning  aurreyits  to  tower.  Marked  points  obtained 
from  [23]. 


Fig.  8 Peak  rate  of  rise  of  cm'rent  in  lightning  flashes  to  ground, 
(i)  For  first  strokes,  [22]. 

(ii)  For  subsequent  strokes,  [22]. 

(Hi)  Limits  between  most  measured  distributions  fall,  [2]. 


diversion  of  tlie  stroke,  path.  This  affects  the  distribution  of  currents, 


the  median  current  increasing  with  tower  height  as  shown  in  Fig.  7 based  on 
[23].  To  compensate,  a peak  current  higher  than  SOltA  should  be  selected 
for  "worst  case"  calculations  relating  to  objects  greater  than  20ni  high, 
using  line  (i)  of  Fig.  4 to  guide  in  the  selection  of  "worst  case"  peak 
current. 

2.4  Rate  of  rise  of  lightning  current 

The  frequency  distribution  of  maximum  rates  of  rise  of  lightning 
currents  is  given  in  Fig.  8,  based  on  [3]  and  [13].  Subsequent  strokes 
have  larger  rates  of  rise  of  current  than  first  strokes,  but  usually  smaller 
peak  current  than  first  strokes.  Thus  it  is  usual  to  assume  that  peak  current 
and  peak  rate  of  rise  of  current  do  not  occur  at  the  same  time  wlicn  the  com- 
plete lightning  discharge  is  being  considered.  However,  when  any  jiarticular 
stroke  of  the  discharge  is  under  consideration,  it  is  quite  possible  for  the 
largest  rate  of  rise  of  current  to  occur  just  before  the  current  peak,  so 
that  for  conservative  calculation  they  should  be  considered  to  coincide. 
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Fig.  9 Illustration  of  shield- 
ing angle,  0. 
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Fig.  10  Lightning  protection  of 
building  by  earthed  overhead 
wires  utilising  an  existing 
tower  and  three  additional  masts. 
Lightning  current  is  conveyed  to 
earth  through  the  tower  and  the 
masts  if  metallic,  otherwise 
through  downleads  and  earth 
stakes. 
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3.  imXkCLPTION  OF  DIRECT  STROKES 

Very  effective  low-cost  lit^litlng  protection  can  Le  provicled  by 
carefully  placed  and  properly  earthed  shield  conductors  over  vulnerable 
installations.  This  takes  advantage  of  the  active  role  played  by  an 
elevated  conductor  in  diverting  to  itself  the  path  of  the  lighting  stroke. 

3.1  Zone  of  protection  of  an  elevated  conductor 

Any  elevated  conductor  having  a low-iinpedance  path  to  earth  Lends  to 
protect  objects  within  a certain  shielding  angle  (Fig.  2 of  [7])  ns  shown  in 
Fig.  9.  Experience  shows  that  the  number  of  shielding  failures  falls  as  the 
shielding  angle  decreases,  and  a maximum  value  of  20°  is  recommended  for 
installations  with  vulnerable  electronic  equipment.  In  many  cases,  a 
shielding  angle  approaching  zero  or  even  a negative  shielding  angle  can 
be  obtained  with  little  additional  expense. 

Some  existing  radio  station  buildings  may  already  be  partially  pro- 
tected from  direct  strike  by  a nearby  mast  or  tower,  used  for  supporting 
aerials  or  microwave  antennas.  In  these  cases  the  protection  could  be  made 
more  complete  by  an  overhead  shield  wire  from  the  existing  tower  to  another 
tower  or  pole  on  the  opposite  side  of  the  building  (or  group  of  buildings) . 
This  method  is  illustrated  in  Fig.  10  and  has  been  used  successfully  for 
many  years  to  protect  electricity  substations  and  switchyards  [25].  This 
approach  is  probably  cheaper  than  protecting  the  building  as  shovm  in 
Fig.  11  by  a system  of  earthed  conductors  over  the  roof  of  the  building  and 
around  its  periphery  and  has  the  further  advantage  of  keeping  lightning 
currents  away  from  the  building.  Further  details  of  lighting  protection  of 
buildings  are  given  in  Appendix  2. 

Buried  coaxial  cable  used  to  connect  aerials  to  receivers  is  period- 
ically damaged  by  lightning  ground  currents,  the  sheath  being  distorted  as 
though  struck  by  a chisel.  Similar  damage  to  underground  coumiuulcation 
cables  has  been  reported  in  [26]  and  [27].  Coaxial  cables  are  sometimes 
run  2 or  3m  above  ground  as  a temporary  measure,  often  strapped  to  a 
supporting  wire.  Inspection  for  fault  location  and  maintenance  are  simpler 
in  this  position.  These  cables  could  be  well  protected  from  lightning  by 
suspending  them  about  1.5m  below  the  supporting  wire,  which  then  acts  as  an 
overhead  shield  v?ire.  The  recommended  arrangement  is  shown  in  Fig.  12. 

Note  that  the  clearance  of  1.5  m between  cable  and  metal  support  minimises 
the  risk  of  flashover  from  a stricken  support  wire  to  the  cable. 

Each  supporting  post,  at  intervals  of  not  more  than  20m,  drains  lightning 
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TAELK  1 

Insulation  strengths  of  strings  of  disc  insulators. 
Insulator  size:  254  nun  (dla)  x 146  iim. 


Number  of 

insulators 

in  string 

Breakdown  voltage 

(kV)  (average  values) 

Pov;er  frequency 
(wet) 

Negative  impulse 
or  dry) 

1 

50 

130 

2 

90 

255 

3 

130 

345 

5 

215 

495 

7 

295 

670 

10 

415 

930 

15 

600 

1360 

20 

775 

1785 

25 

950 

2210 

Values  extracted  from  NGK  Insulators  Catalogue  Number  65. 


TABLE  2 

Target  earth  resistance  Cor  various  structures. 


Structure 

Type  of  Earth 
Connection 

Target  Lovz-f requency 
earth  resistance 
ohm 

Probab.te  approx, 
resistance  under 
impulse  conditions 
(Imax  " 801:^0 

Med  p 

High  p 

Large  Buil.ding 

Multiple  Earth 
Stakes  or  Earth 
Mat 

1 

1 

1 

Small  Building 

Earth  Stakes  at 

10m  intervals 
around  building 

2 

3 

1.5 

Medium  Tower, 
Aerial  Mast. 

4 Earth  Stakes  at 
at  Comers  ot 

Tower 

10 

20 

6 

Minor  support- 
ing structure 
eg.  for  shield- 
ed 0/U  cable 
run,  or  RF 
open-wire 
feeder 

Single  Earth 

Stake  or  Metal 

Pipe  Etc.  Buried 

Im  in  Ground 

20 

40 

8 

p = 10^-51  n) 
P = 103J5 


Med  p:  Medium  resistivity  soil: 
High  p:  High  resistivity  soil: 
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Fig,  14  Improved  lightning 
protection  of  log-periodic 
array  by  horizontal  earthed 
conductor  above  central  beam, 
which  reduces  shielding 
angles  from  Gj  to  O2. 

(a)  Existing  arrangement. 

(b)  Suggested  addition  to 
improve  shielding. 
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current  to  earth.  To  do  this  effectively,  the  resistance  to  eartli  at  I'.nch 
post  should  not  normally  exceed  20  ohm,  sec  section  3.3. 

Open  wire  RF  feeders  connecting  tran:;wittC“r.s  to  aerials  are  usually 
run  on  gantries.  Improved  llgiitning  performance  lias  heen  found  to  result 
from  mounting  the  feeder  insulators  on  wooden  crossarms,  and  allowing  the 
vertical  steel  pipe  supports  to  project  above  the  uppermost  crossarm. 

Further  protection  could  be  achieved  by  extending  the  vertical  members  trad 
running  earthed  overhead  shield  wires  above  the  iec.ders  as  shown  in  Fig.  13. 
This  arrangement  is  recommended  for  long  runs  of  exposed  KF  feeder,  where 
no  protection  is  afforded  by  nearby  masts  and  buildings.  This  would  ensure 
that  a direct  strike  would  only  occur  to  the  aerial,  and  the  energy  in  the 
stroke  would  be  partly  dissipated  in  the  RF  feeder  before  reaching 
vulnerable  components. 

Steerable  log-periodic  arrays  arc  protected  to  some  extent  by  the 
central  beam,  see  Fig.  14,  which  is  at  earth  potential  and  somewhat  higher 
than  the  radiating  elements.  Protection  could  be  improved  by  increasing 
the  height  of  the  top  member  of  the  beam,  or  by  a spine  running  along  the 
beam,  as  shown  in  Fig.  14(b).  It  would  be  necessary  to  establish  that 
these  measures  did  not  adversely  affect  the  performance  of  the  antenna. 

As  noted  in  section  2.3,  an  open-wire  aerial  is  to  sornie  extent 
protected  from  direct  strokes  by  its  earthed  supporting  masts.  This 
protective  effect  could  be  enhanced,  without  detracting  appreciably  from 
the  aerial  performance,  by  mounting  a vertical  metal  rod  on  top  of  each 
mast,  projecting  4ra  above  the  top  of  the  mast,  and  electrically  connected 
to  it.  Although  this  would  not  provide  complete  protection,  it  should 
ensure  that  at  least  all  high-current  strokes  strike  the  mast  instead  of 
the  aerial  wire.  Some  further  Improvement  in  lightning  performance  would 
result  from  ensuring  low  earth  resistance  at  the  base  of  each  mast  (e.g., 
not  greater  than  10  ohm)  and  increasing  the  insulation  between  laerial  and  - 
mast,  to  a level  of  the  order  of  IIW  for  impulse  voltages.  I’his  could  be 
achieved  by  adding  insulation  of  adequate  impulse  strength  to  the  normal 
aerial  insulation.  The  object  of  this  is  to  prevent  flashover  from  a 
stricken  mast  to  the  aerial  or  the  downlead.  The  impulse  strengths  of 
strings  of  a typical  disc  insulator  are  given  in  T^ble  1 (p.  IS). 

3.2  Selection  of  conductors  for  lightning  protection 

The  selection  of  conductor  size  is  based  on  the  requirement  of  low 
electrical  resistance,  mechanical  strength,  and  resistance  to  corrosion. 
Experience  has  shown  that  the  conductors  listed  In  Appendix  2 satisfy  these 
requirements.  Selection  of  a suitable  conductor  must  be  based  on  local 
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environmental  considerations  and  economics.  For . overhead  ear thv.'ires  or 
shield  wires  not  directly  attached  to  buildings,  use  of  stranded  galvanised 
steel  wire  is  recommended. 

For  lightning  conductors  to  be  attached  to  buildings,  preference 
should  be  given  to  copper  strip  or  rod  of  cross  section  at  least  50  mra^  on 
the  grounds  of  durability  and  case  of  installation  and  jointing.  However, 
conductors  of  much  smaller  cross  section  v.’ill  carry  typical  lighting 
currents  and  serve  to  protect  structures  whicii  miglit  not  be  considered 
worth  protecting  to  the  extent  recommended  above,  e.g.  domestic  dwellings. 
Examples  of  conductors  are  stranded  copper  earth  wire  and  single  strand 
galvanised  steel  wire.  The  method  of  calculating  the  heating  effect  of 
lightning  current  is  given  in  Appendix  3.  Material  for  earth  stakes 
should  be  chosen  for  durability,  corrosion  resistance  in  the  local 
environment,  and  mechanical  strength  to  withstand  driving  to  a deptli  of 
at  least  Im.  A stake  thus  chosen  would  have  adequate  cross  section  for 
carrying  lightning  current,  simply  on  account  of  th.e  cross  sectional 
area  needed  to  provide  mechanical  strength. 

3.3  Earthing  requirnients 

Any  overhead  lightning  conductor  system  requires  a low-impedance 
connection  to  earth  comprising  suitable  do.ra  leads  and  an  earth  terminal 
comprising  a system  of  driven  rods  and  buried  conductors.  The  details 
of  the  earthii;g  system  must  be  adapted  to  the  layout  of  the  installation 
and  to  the  resistivity  and  structure  of  the  ground. 

I 

All  buildings  should  be  provided  with  an  earth  having  a resistance 
of  not  more  than  1 ohm  for  a large  building,  2 ohm  for  a small  building 
(Table  2,p.l9).  Normally  this  can  be  achieved  by  driving  stakes  at 
intervals  around  the  building  periphery,  linking  each  stake  to  a ring 
conductor  around  the  buildin,g.  This  may  be  either  below  or  above  ground 
level  and  should  be  installed  so  as  to  avoid  corrosion  problems  and 
mechanical  damage.  Lightning  conductors  fastened  to  the  upper  part  of 
the  building,  should  be  connected  to  this  earth  by  at  least  four  dovm- 
leads.  The  structural  metalwork  of  the  building,  and  steel  reinforcing 
rods  in  concrete  should  be  electrically  connected  to  the  building  earth 
at  or  near  ground  level.  Further  details  of  recorunended  building  earthing 
are  given  in  Appendix  4. 

Towers  and  masts  should  be  provided  witli  up  to  four  earth  stakes 
linked  to  the  metal  wprk  so  as  to  achieve  a resistance  of  not  more  than 
10  ohm,  or  5 ohm  for  a large  tower  (Table  2).  Driven  stakes  arc  consider- 
ed preferable  to  buried  plates  on  economic  grounds.  Buried  wire  should 
only  be  necessary  in  areas  where  the.  earth  resistivity  is  high  (see 
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section  3.3.2). 

It  has  been  observed  that  the  effective  rcsi.stance  of  an  earth  coniurc.t- 
ion  is  less  under  impulse  conditions  tlian  under  d.c.  or  lov.'  frequency,  lov 
voltage,  conditions.  In  [28]  the  Impulse  earth  resistance  is  stated  to  be 
time-dependent,  and,  using  a model  for  breakd05\;n  processes  in  earth,  the  ; 

effective  resistance  for  an  80kA  impulse  current  is  estimated  to  he  O.IS  to 
0.65  of  the  lovv'  frequency  value  for  the  type  of  earth  connection  normally 
used  on  a to\.’er.  This  phenomenon  provides  an  additional  margin  of  safety 
in  reducing  toiver  and  building  potentials  belov.'  the  value  calculated  from 
the  low-frequency  earth  resistance.  Some  reduction  factors  relating  resist- 
ance under  impulse  and  lov.’  frequency  conditions  are  given  in  Table  3.  Vdiere 
an  earth  mat  exists,  building  and  tower  earths  should  be  bonded  to  this 
earth  mat.  Methods  of  measuring  earth  resistance  are  given  in  [7]. 

TABLE  3 j 

Reduction  of  resistance  of  earth  connection  I 

under  impulse  conditions  I 


Earthing  connection 
dimensions  and 
arrangement 

Depth  in  earth  (m) 

3.05 

Diameter  (mni) 

10 

No.  of  rods  and 
arrangement 

1 isolated 
rod 

4 rods  at 
of  square 

corners 

3.05ra  side 

Peak  current  injected 

kA 

80 

80 

Time  to  current  crest 

ps 

4 

L 

4 

Soil  resistivity,  p. 

m. 

102 

103 

CM 

O 

r— 1 

103 

Resistance  at  low  currents,  Q 

30 

300 

10.5 

105 

Resistance  at  current  peak,  Q 

11.3 

54 

6.8 

37 

Resistance  at  current  peak 

Resistance  at  low  currents 

0.38 

0.18 

0.65 

0.35 

Derived  from  [28],  where  valuo.s  listed  were  calculated  using  a dynamic 
analytical  model  of  soil  ionisation  under  impulse  conditions. 

3.  3. 1 Loiv  Rci 


In  installations  built  on  ground  having  a substantial  depth  of  low 
resistivity  soil,  an  earthing  system  associated  with  each  structure  construct- 
ed as  described  above  will  enable  the  target  rc.sistances  shov.ni  in  Table  2 to 
be  achieved.  Under  these  conditions,  the  lightning  current  cither  to  the 
structure  or  to  ground  near  the  structure  should  not  cause  an  excessive 
voltage  rise. 
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5.3.2  High  tivLtij  cvic.cLi> 

If  iioritial  earthing  methoJs  (Including  nethods  of  extend Lng  the  earth- 
ing given  in  Appendix  4)  are  inadequate,  either  because  of  overall  high 
ground  resictivity,  or  because  of  undcriying  b.igh  resistivity  material,  then 
it  is  reconwiended  that  the  completi?  installation  be  earthed  by  a system  of 
underground  conductors,  linking  all  structures  in  the  instal ] ation.  This 
recomiuendati on  is  based  on  the  necessity  of  avoiding  excessive  differences 
in  potential  betVv-een  separate  parts  of  tlie.  Installation.  Further  details 
are  given  in  Appendix  5. 

3.4  Overall  protection  of  an  installation  consisting  of  a number  of 
separate  structures 

Assuming  that  each  individual  structure  is  protected  as  far  as  is 
technically  feasible  by  the  methods  given  above,  it  remains  to  ensure  that 
excessive  differences  of  potential  do  irot  occur  between  different  parts  of 
an  installation.  For  example,  an  installation  consisting  of  two  well- 
separated  parts  linked  by  signal  and  power  conductors  run  in  ducting  could 
experience  a large  potential  difference  between  tlie  parts  if  one  v.>ere 
struck  by  lightning.  To  minimise  possible  resulting  damage  to  equipment. 

It  is  recommended  that  the  building  or  other  earths  of  each  part  be 
electrically  connected  by  a low- impedance  connection.  If  the  duct  is 
constructed  of  reinforced  concrete,  then  the  steel  reinforcing  rods  should 
be  electrically'  continuous  along  the  length  of  the  duct,  should  be  bonded 
transversely  at  intervals  of  no  more  than  15m,  and  should  be  securely 
electrically  connected  to  the  local  earth  at  each  end. 

3.5  The  pFoblem  of  separate  building  and  equipment  earths 

It  may  be  necessary  in  som.e  installations  to  have  an  equipment  earth 
floating  (i.e.  electrically  isolated)  with  respect  to  the  building  earth. 
Here  the  technical  and  lightning  protection  requirements  conflict  to  some 
extent,  as  resistance  to  damage  by  surge,  voltages  is  easier  to  ensure  if 
the  equipment  earth  is  connected  to  the  building  earth.  Problems  may  be 
experienced  if  a voltage  impulse  injected  along  signal  conductors  causes 
a rise  in  potential  of  the  equipment  earth  wi.th  respect  to  incoming  a.c. 
power  conductors. 

Precautions  which  should  be  taken  in  this  situation  arc  as  follows: 

(i)  Ensure  tliat  all  equipment  with  a floating  earth  is  protected  from 

direct  strokes  and  that  induced  surges,  and  impulse  voltages  injected 
at  any  entry  point  are  diverted  to  the  equipment  earth  by  suitable 
protective  devices. 


I’rovide  protective  devices  to  limit  the  uiaxiinv^  potential  ch'fierence 
betv^een  the  equipment  and  buildjng  earths.  A i.  ' rly  major  problem 
VJhen  this  is  done  is  that  one  can  inject  lii;htnl7ig  curients  into 
mains  - It  is  then  necessary  to  control  the  potential  d i f f fcrence 
betweeni  the  mains  and  their  own  earth  point. 


Provide  floating  a.c.  mains  .supply  to  equipinrut  with  floating  earth 
using  transformer  windings  with  adequate  insulation. 


The  manner  in  which  this  could  be  done  is  illustrated  in  Fig.  15 
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CSTiyATIHG  LIGHTinMG-CAUr.LD  VOLTACIIS  AND  CURRENTS 

An  explained  in  section  2 the  lightning  stroke  is  treated  as  a current 
source  having  characteristics  given  hy  figures  4 and  8.  Observations  of 
lightning  curreitLs  |’29],  [30]  show  that  the  front  of  the  current  \.'avcshape  is 
usually  concave,  with  maxinium  slope  occurring  just  before  the  current  peak. 
This  combination  of  liigh  current  and  simultaneous  high  rate  of  rise  of 
current  will  cause  a high  voltage  in  sti'uctures,  requiring  adequate  clear- 
ances from  nearby  conductors  at  ear'th  potential  if  flashover  is  to  be  avoided. 
Even  if  there  is  no  flashover  substantial  induced  voltages  and  currents  occur 
and  those  may  damage  equipineirt  in  some  circumstances.  Lightning  currents  to 
ground  near  an  installation  may  cause  damaging  potential  differences  between 
different  parts  of  an  installation. 

4.1  Effects  of  direct  strikes 

To  calculate  the  largest  voltage  and  current  surge  vjhich  could  occur 
in  a given  conductor,  it  may  be  assumed  tliat  the  peak  current,  Imax  the 
peak  rate  of  rise  (dl/dt)inax  coincide  in  any  particular  stroke.  For  an 
electrically  short  conducting  system,  the  peak  voltage  Vp  is  given  by 

Vp  = Rlmax  + L (dl/dt)„ax  (2) 

where  R = resistance,  and  L = inductance  measured  bctv;cen  stricken  point  and 
earth. 

In  applying  this  equation,  it  is  not  realistic  to  take  simultaneously 
the  largest  current  from  line  (i)  of  Fig.  4 and  the  largest  rate  of  rise  of 
current  from  line  (ii)  of  Fig.  8,  as  the  former  applies  to  first  strokes  and 
the  latter  to  subsequent  strokes.  A determination  should  be  made  as  to 
whether  the  system  involved  is  more  sensitive  to  peak  current  or  peak  rate 
of  rise  of  current.  If  the  former,  damage  is  likely  to  be  caused  by  the 
first  return  stroke,  and  appropriate  parameters  would  be 

SEVERE  fimax  ' ^OlcA  to  lOOkA 

FIRST 

STROKE  [(dl/dt)n,ax  " dOkA/ps 

If  the  system  is  mainly  sensitive  to  dl/dt,  and  hence  to  subsequent 
strokes  the  appropriate  parameters  would  be 

SEVERE  (imax  ■' 

SUBSEQUENT 

STROKE  [(dl/dt)j„ax  " lOOlcA/ns 

Hie  method  of  calculation  for  typical  structures  is  given  In  Appendix 
6.  For  an  electrically  long  structure  where  the  travel  time  of  the  voltage 
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waves  becomes  comparable  Lo  tlie  jise  t'ime  of  the  tnjecLcd  currcnl  pulse, 
it  is  necessary  to  take  account  of  reflected  voltage  waves  as  discussed  in 
Appendix  6.  For  long  overhead  conductors,  the  voltages  and  currents  are 
calculable  from  the  characteristic  impedance  of  the  system,  taking  into 
account  reflected  waves  where  necessary.  Some  estimated  inaxiTaun  voltages 
on  transmission  lines  are  given  in  Table  4,  based  on  [18],  [31],  [32]  aird 
[33]. 

TAIiLE  4 

Maximum  voltages  on  structures 
directly  struck  by  lightnii^g 


Reference 

Structure 

Maximum 

Voltage 

Notes 

Perry  (1941) 
[31] 

40kV  transmission  line  tower 
with  250Q  footing  resistance. 

8.5M\'* 

Es t ima ted  from 

34kt'i  measured 
stroke  current 
in  tow'er. 

Golde  (1946) 
[33] 

Transmission  line  tov.'er,  in- 
ductairce  lOpH,  tower  spacing 
'V  260m.  footing  res.  20Q. 

20  X 

Peak  current 

Calculated  (gives 
1.6W  for  SOkA 
current ) . 

Sargent  and 
Darveniza 
(1967)  [32] 

220kV  transmission  line 
tovv’cr  top. 

1 . 5MV 

Calculated  from 
measured  140kA 
stroke,  rise  time 
4ys. 

Wagner  and 

McCann 

(1950) 

[18] 
p . 561 

llOkV  wood  pole  unshielded 
transmission  line. 

5MV 

Measured  4 miles 
(v  6 km)  from 
point  of  strike 
on  line 

* Probably  overestimated  as  lovz-currcnt  footing  resistance  used  in  calculation. 
If  impulse  resistance  = 0.2  x low-current  value,  Vnijjj,  - 1.7HV. 


4.2  Induced  voltages  and  currents 


A signal  conductor  near  a stricken  overhead  conductor  will  have  a 
voltage  surge  induced  in  it  which  can  be  estimated  from  the  current  injected 
into  the  stricken  conductor  and  the  coupling  betw'etnr  the  two  conductors. 

A review  of  induced  surges  in  signal  and  overhead  conductors  is  given  in 
Appendix  7 showing  that  an  induced  current  of  81<A  is  possible.  Thus, 
protection  at  the  terminals  of  connected  cquli-jiient  is  required,  and  g.MS 
arresters  are  appropriate. 

An  induced  voltage  surge  will  occur  in  exposed  equipment  near  a 
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Fig.  17  Existing  protection  scheme  for  halun  titans foryner  and  coaxial  cable 
using  90V  gas  arrester. 


ligliLnlng  flash  to  earth.  During  the  progression  oi  the  li ader  discharge 
tov/ards  c^artli,  negative  charge  is  deposited  aroe.nd  the  leader  channel  by 
radial  corona  currents.  When  the  return  sti  ol.e  com.'nenccf: , a portion  of 
this  negative  charge  is  removed.  The  amount  removed  is  of  the  ordi-r  cf  IC 
in  a time  of  about  50ps.  The  re.suil.ing  large  sudden  positive-going  cliaugo 
of  electric  field  at  the  earth's  surface  induces  a large  positive  voltage 
surge  in  ai.y  exijosed  insulated  electrode.  The  sudden  increases  in  current 
at  the  beginning  of  the  return  strobe  caiKcs  a rapidly-changing  magnetic 
field  near  the  stroke  channel  whi  cli  will  induce  currents  lii  closed  con- 
ducting paths.  In  general,  gas  arresters  will  provide  adecjuatc  primary 
protection  against  these  surges. 

Induced  voltage  surges  in  aerials  and  aerial  feeders  probably  occur 
in  existing  installations,  either  from  nearby  lightning  flashes  to  ground, 
or  strikes  to  the  mast.  It  is  probable  that  many  of  the  blov.’n  fuses  occur- 
ring in  the  protective  scheme  shown  in  Fig.  16  are  caused  thus.  Induced 
surges  also  undoubtedly  occur  in  the  monopole  antennas  shewn  in  Fig.  17 
and  are  diverted  to  earth  by  the  gas  arrester. 

4.3  Effects  of  earth  currents 

Any  buried  conductor  .such  as  steel  duct  or  pipe  may  carry  portion  of 
the  current  spreading  from  a nearby  lightning  stroke  to  ground.  In  high 
resistivity  soil,  most  of  the  lightning  current  may  enter  the  underground 
conductor  and  flow  along  it,  causing  a voltage  gradient  along  the  conductor. 
If  the  conductor  is  a duct  or  pipe  containing  signal  or  power  conductors  at 
the  potential  of  earth  remote  from  the  stricken  point,  large  differences  of 
potential  can  occur.  Consequently  it  is  recommended  that  precautions  be 
taken  to  drain  the  lightning  current  away  from  the  duct  or  pipe  so  that  the 
voltage  differences  arc  reduced  to  a tolerable  lev'el.  It  is  therefore 
recommended  that  the  steel  reinforcing  rods  in  concrete  ducts  le  connected 
to  earth  stakes  at  approximately  SOni  Intervals.  This  recommendation  is 
made  despite  the  fact  that  the  earth  rods  could  divert  lightning  ground 
currents  into  the  duct  metalwork  in  some  circi  .stances.  Best  overall 
protection  should  be  obtained  witli  earth  stake;;,  rather  than  without  them. 

Experience  with  signal  conductors  in  ducts  and  pipes  in  a high 
lightning  incidence  area  shows  th.it  sustained  inr-;ulation  breakdown  bcLv7ccn 
conductors  and  pipe  or  duct  is  not  a common  cause  of  failure.  The  chief 
problem  is  damage  to  unprotected  equipment  connected  to  the  signal  conductors 
caused  by  induced  surges.  It  therefore  appears  that  burled  galvanised  steel 
water  pipe  and  reinforced  concrete  ducts  give  adequate  protection  against 
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CONCRETE  DUCT 


not  to  SCAL^ 


Fig.  18  Use  of  aonorete  plinths  to  support  cables  in  a reinforced  concrete 
duct  in  an  existing  installation.  The  clecvance  thus  maintained 
between  the  cables  and  the  duct  Walls  reduces  the  probahilitg  of 
cable  dear, age  by  lightning  currents  h:  the  duct  walls. 
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ground  currents  from  lightning.  it  is  iievcrtlielcs.s  ri'coni'nonded  that  tlie 
slgniil  .and  other  conductors  run  in  steel  pipe  have  llie  highest  practicable 
a)tiount  of  Insulation  and  separation  freu  the  wall  of  the  pipe,  and  that 
coaxial  cables  and  ether  conductors  run  in  ducts  be  separated  frojii  t)ie  \.'a]  Is 
and  floor  of  the  duct  by  suitable  spacers,  giving  a minimmu  clearance  of  10  cm. 
One  arrangement  v'hlch  has  given  satisfactoiy  service  in  a high  liglituing  area  is 
shown  in  i’ig.  IS,  altliough  protection  from  surges  w'js  not  the  primary  intciitlcri 
in  this  arrangement. 

It  is  necessary  tliat  the  spaccr.s  retain  their  Insulating  propertie.s 
under  the  d.imp  and  unfavourable  conditions  at  the  bottom  of  the  duct.  Assuming 
a longitudinal  resistance  of  1 ohm  between  points  of  entry  to  and  de))aiturc  from 
the  duct  of  a current  of  SOkA,  an  80kV  potential  difference  may  appear  betvcicn 
signal  conductors  at  remote  earth  potential  and  the  duct  walls.  The  spacers 
should  be  designed  to  maintain  insulation  against  voltages  of  this  magnitude. 
Porcelain  post  insulators  should  be  considered  for  the  application. 
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( II ) TYPICAL  TRANSFORMER 
INSULATING  MATERIALS 
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(i)  a 10  cm  rod  gap  in  air, 

(ii)  typical  trancfoivncr  inundating  materials,  adapted  from 
Fig.  8(b),  and  Fig.  18  of  [^4]. 
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5.  PROTLCTIVE  DiViClIS 

5.1  Requirein£nt5  and  applicatiOiis  of  devices 

ProLiict Ive  devices  are  used  to  pri  vent  liarraful  voltage  surges  from 
euteriug  a piece  of  equiprient,  \.j.Lhout  adverr-.eiy  a[fccti.r.g  tlie  r.ornal 
operation  of  tlie.  ctinipraeiit . As  voltage  surges  may  occur  at  many  points  in 
a complete  system  or  installation,  and  may  be  caused  by  sv^itcliin;’  or  otbr-r 
transient  conditions  as  well  as  lightning,  it  is  recoimnended  that  protective 
devices  be  installed  at  certain  points  in  the  system. 

The  function  of  a protective  device  connected  between  a terminal  an(i 
the  earth  of  a piece  of  equipment  is  to  present  a higJi  impedance  iqi  i:o  a 
certain  critical  voltage,  and  a low  dynamic  impedance  above  this  voltage, 
so  that  the  energy  in  incident  voltage  surges  is  diverted  to  earth,  and  the 
insulation  strength  of  the  equipment  is  not  exceeded. 

5.2  Spark  gaps 

A typical  curve  relating  breakdov/n  voltage  to  time  to  breal:douTi  for 
a 10cm  spark  gap  hct^.’een  rods  is  shown  in  Fig.  19.  A.s  the  voltage  impulse 
resulting  from  a direct  stroke  may  rise  to  peak  value  lit  Ips,  Fig.  19  shows 
that  a spark  gap  may  fail  to  protect  the  insulation  of  equipment  \.'hcn  sub- 
jected to  steep-fronted  voltage  impulses.  Solid  insulation  has  a smaller 
time  to  breakdo’.’n  tlian  air,  as  shown  in  Fig.  19  for  typical  insulating  mat- 
erials used  in  transformers  [34]. 

Despite  this  limitation,  spark  gaps  provide  valuable  low-cost  pro- 
tection for  equipment  exposed  to  direct  strike  or  large  induced  voltage 
impulses.  Often  it  is  advantageous  to  place  the  spark  gap  some  distance  from 
the  nearest  point  at  wliich  a direct  stroke  can  contact  the  conducto*  to  he 
protected.  For  example,  if  a transmitting  aerial  is  connected  by  an  open- 
wire  RF  feeder  to  a balun  transformer,  and  the  RF  feeder  is  protected  by 
overhead  earth  wires  so  that  the  nearest  point  likely  to  be  struck  is  the 
aerial  itself,  then  the  surge  propagated  along  the  RF  feeder  will  be 
attenuated,  and  the  steepness  of  the  voltage  front  will  be  reduced  by 
corona  effects  and  other  losse.s.  The  spark  gap(s)  placed  at  the  halun 
transformer  are  then  more  effective  in  protecting  the  insulation  of  the 
transformer  than  if  the  strike  were  to  the  RF  feeder  close  to  tlie  trans- 
former. On  one  service  transmitting  station,  the  practice  is  to  sot  the 
spark  gaps  at  10%  more  separation  than  is  necessary  to  prevent  breakdown 
by  the  RF  voltage. 

In  applying  epark  gaps  to  the  protection  of  equipment  connected  to 
receiving  aerials,  relatively  small  gaps  arc  needed  to  protect  the  equipment. 
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Small  opt'u  giips  are  uasatislucLory  as  they  may  be  bi.iJi^od  by  moisture, 
Insects,  etc.  With  satislactory  mcchanicnJ  design,  small  enclosed  sparb. 
gaps  give  useiul  protecliou,  provided  the  t.teejjness  ol  the  applied  voltage 
wave  is  not  too  great. 

The  protective  arrangement  shown  in  Fig.  16  lias  been  found  to  give 
protection  of  the  balun  transforii.er  and  cable,  in  a high  lightning  incidence 
area,  replacement  of  fuses  being  tlie  only  action  normally  needed  to  restore 
the  unit  following  lightning  activity.  Information  derived  from  [35]  on  the 
breakdown  characteristics  of  spark  gaps  in  air  is  given  in  Table  5. 

TABLE  5 

Sphere-gap  breakdown  voltages 

Negative  voltage  applied  to  one  spliere,  other 
sphere  grounded,  in  air  at  20°C,  760  mia  Hg  pressure. 

Extracted  from  [35],  Table  XV  and  XVlIl. 

Breakdown  voltages  in  kV  peak 


Gap 

between 

Sphere  Diameter  in  cm 

2 

5 

10 

15 

25 

spheres,  cm 

0.05 

2.8 

0.2 

8.0 

0.5 

17.1 

1 

30.2 

32.0 

31.6 

31.3 

31 

2 

57.4 

59.1 

59.2 

59 

3 

75.4 

84.1 

85.5 

86 

4 

105 

110 

112 

5 

123 

132 

137 

7 

150 

169 

184 

10 

209 

243 

14 

304 

5.3  Gas  discharge  devices 

The  dependence  of  striking  time  on  striking  voltage  for  a particular 
gas-filled  surge  arrester  is  shown  in  Fig.  20.  Re.levant  electrical  charact- 
eristics are  listed  in  Table  6.  These  protective  devices  can  be  used  where 
a very  high  impedance  (in  particular,  low  capacitance)  i.s  required  during 
normal  operation  and  the  insulation  strength  at  the  terminals  of  the  equip- 
ment Is  In  the  range  lOOV  to  lOOOV. 
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'J'AHLr,  6 ChaLitctcri.sf.icii  of  a lypical 
gas-filled  Hurgr"  ai'rc-st.cr 

Extraotfcd  from  manufaol'.urcr ' s dal.a  shcoLs  foi  type 
16A  Lliroc -olectrodc  gas-fillo.d  surge  arrester. 


D.C.  Striking  V'oltage 

. 130-350V  D.C. 

D.C.  Arc  Voltage 

30V  max. 

Operate  Delay  Time 

Ips  max. 

Insulation  Resistance 

10*^  ohm. 

Capacitance,  end  to  centre 

2.5  pF 

Max.  Pulse  Current 
(8/20  Waveform) 

20,000  A 

flax.  Striking  Voltage  for 

20  kV/ps  applied  voltage 

Approx.  lOOOV 

ramp . 

An  application  of  a 90V  gas  discharge  device  in  protecting  the  auto- 
transformer  used  to  match  a monopole  aerial  to  coaxial  cable  is  shov.ii  in 
Fig.  17.  The  short-time  current  rating  of  these  devices  is  lO^'A,  so  they 
are  capable  of  discharging  a relatively  small  lightning  current  as  well  as 
by-passing  induced  voltage  surges  to  earth.  Further,  the  manufacturer  claims 
that  they  fail  to  a short  circuit,  and  therefore  should  protect  the  cable 
even  when  themselves  destroyed  by  a direct  stroke  to  tlie  monopolo. 

Gas  discharge  devices  are  not  self-quenching,  so  when  used  in  a posi- 
tion where  a transmitter  (or  other  source  of  power)  can  maintain  the  discharge 
current,  it  is  necessary  to  provide  means  of  disconnecting  the  power  briefly, 
thus  allowing  the  discharge  to  cease,  and  the  gas  discharge  device  to  revert 
to  the  high  impedaiice  state. 

5.4  Surge  diverters 

Surge  diverters  consist  of  a suitably  housed  combination  of  non-linear 
resistor(s)  and  spark  gap(s);  the  properties  and  applications  of  these 
devices  are  described  in  [36j,  [37],  [38],  and  [39].  Tlieir  primary  applicat- 
ion is  in  protection  of  LV  and  dis Lrihution-voltage-lcvel  mains- connected 
1 equipment  with  rating  of  240V  and  above.  They  may  also  be  useful  in  other 

j applicatioirs  requiring  discharge  of  a current  surge  caused  by  a direct 

stroke  to  a conductor.  Some  of  their  characteristics  are  sumniari.scd  in 
Table  7.  Surge  diverters  are  able  to  quench  the  power- follow  current  after 
limiting  a voltage  surge  by  discharging  current  to  earth,  and  in  th  i.s  respect 
are  superior  to  gaps  and  gas  discliarge  device'-.  Surge  diverter  flasliover 
voltage  rises  as  time  to  flashovcr  falls,  as  indicated  in  Table.  7 based  on 
I.  infonriatlon  in  [40]. 

!■ 


* Not  known. 

If  the  surge  diverter  is  fitted  with  a pressure  relief  device,  it  should 
conform  to  the  a.c.  fault  current  v/itlistanJ  test  in  Clause  5.6  of  [36], 

t These  are  measured  values  on  particular  surge  diverters  reported  in  [^lO]. 
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Fig.  23  Application  of  metal  oxide  varietoi’'  in  protccti>ig  maino  ircTiio/c>iT,n:>’ 
and  other  porta  of  equipment. 

(a)  Protection  from  tran.aicnta  in  a.  a.  main.a 
(h)  Protection  of  rectifier  fy'om  tranaienUa  cauacd  by  inicrfuil 
cuyitching  or  mauic  voltage  aurgea. 


b.5  Sol  id-s talc  cljvices 

This  groui)  includes  ineLal  orido  tors',  non-lineai  resi:  ters, 

diodes,  zeuei  diodes,  and  seleninir.  srotce!.iv<j  devices.  Typical  current/ 
voltage  characteristics  arc  shown  in  Jig.  2]  and  electrical  and  energy- 
absorbing  cuaractcrlstics  are  di  scusaed  below.  Tiieir  r.'.ain  anpl  j : ^-ns  a: 
in  protecting  cquipnieut  at  the  pov.'er  entry  point  and  in  protect  Lay  .si, anil 
entry  point  oi  cquipiacnt  v/Iiere  tlic  non-linear  iirpcdauce  presented  by  the 
device  (ir.clnding  the  VJltat,c-depeudi.  nt  capacitance)  vii  11  not  deyp'nde  Lite 
signal,  i.efer  to  manufacturers  litiratnre  [41]  to  [44]  for  further 
detail s . 

TiiC  ideal  protective-device  current-voltage  character  tali  c l..'is  aero 
current  up  to  a fir.ed  (protective)  voltage  level  and  then  ccro  cl.  .ngc  of 
voltage  t.’ith  current  (i.e.  zero  dynamic  ri--s  is  Lance. ) . ITiis  would  pcrriit 
selection  of  the  Inpulse  voltage  withstand  level  of  the  ai>Roci_UeJ  cculp- 
ment  just  above  the  fixed  protective  voltage  level.  Zener  uiodis  .approach 
this  ideal,  and  are  valuable  i.lu-.re  the  naxtniuni  prospective  surge  ■ aergy  is 
not  high,  (not  over  'v  3J).  An  application  of  zener  diodes,  uc.  d in  con- 
junction with  noruial  diodes,  is  shov;n  In  Fig.  22.  Here  the  em  rgy  of  the 
incident  surge  is  limited  by  the  protective  devices  at  the  far  end  of 
the  incoming  cable. 

An  application  of  metal-oxide  varistors  in  protecting  a transformer 
is  sliO'.TO  in  Fig.  23.  Here  the  relatively  large  energy  absorbing  capability 
(10  to  40  J)  is  an  advantage,  and  the  rclati'v?ely  lo\.'  shunt  impedance  is  not 
a disadvantage. 

5.6  Fuses 

The  relation  betiroen  current  and  melting  time  for  one  type,  of  fuse 
is  shoi.’n  in  Fig.  24.  The  relatively  long  time  to  molt  implies  tb.at  fuses 
should  not  be  expected  to  provide  protection  against  short  duration  impulses, 
lliey  arc  applicable  for  protection  against  relatively  long-duration  over- 
current.s.  If  subjected  to  tlie  full  current  of  a.  lightning  flash,  or  even 
a fraction  of  it,  the  fuse  wire  would  vaporise,  and  the  current  would  continue 
flowing  as  an  arc.  in  the  metal  vapour.  Disconnection  of  the  circuit  does 
not  occur  until  the  surge  current  falls  to  zero. 
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6.  RLcai,:ii;iJL;:D  specipicA)  ca  voltage  levllg  a:;d 

PRuTLCllVE  nLASUREG 


Till.'  prut.i.Jing  secLions  iii.'V’e  ucfini'd  L':!.’  ;:ourcc!r:  o:  li ; litaiiig- 

caufied  suL'^,cs  wli.Lch  may  dania^G  (jquipi.i.fat , ami  .'•liov/a  hov/  tliu  expecLi-d  ruj.i-fii. .•  , 
voltnjica,  and  energy  injectioii  way  be  e.st  b .riUed.  Accordingly,  the  proiecLion 
of  any  equipiaent  planned  for  fuLurc  Im-tallaLion  can  i'c;  L-pecificd  in  advim.e, 
and  tlio  required  impu.lKC  voltage  v;iel,:;La!id  levels  can  be  spi^cifled.  For 
existlng  unprotected  equipment,  suitable  protective  measures  can  be  implemented 
to  reduce  the  probability  of  future  dar.-.age. 

6.1  Categories  of  equipment  to  be  protected 

Equipments  are  considered  In  tlie  following  tiiroc  catogcrios,  based  on 
the  voltage  and  power  levels  at  pot.er  entry  points  and  .signal  connection 
points. 

A.  POWER  DlSTRlBbTlUi!  EQUIPMENT  AWD  ROTATlwC  PLldn 

Distribution  - level  overliead  and  underground  lines  and  cables,  tran.s- 
formers  and  rotating  plant  (motors  and  generators). 

D.  MAIKS-POV.’EUED  LINEluR,  DIGITAL,  /u\D  ASSOCIATED  EQUIPMENT 

D.C.  power  supplies,  control  system,  receivers,  amplifiers  and  buffers 
(linear),  data  modems,  multiplexers  and  demultiplexers,  digital  .systems. 

C.  HIGll-POWER  LEVEL  HlGh-FREQUEh’C”  LQUIPMENT 
RF  transmitters. 

6.2  Specified  ir.ipulsc  levels  of  power  distribution  equipment. 

In  accordance  with  an  agreement  betwcc'.n  the  Defence  Services,  the 
Australian  Tel ecoamiunications  Commission,  and  the  power  supply  authorities 
[A6j,  all  mains  power  to  radio  stations  must  be  supplied  via  underground 
cable  for  a specified  minimum  distance  of  1.6km.  This  practice  ensures, 
inter  alia,  that  lightning  - caused  mains  surges  will  be  limited  In  amplitude 
and  rise  time  by  the  underground  cable  run.  Nevertheless,  to  minimise  possible 
damage  by  residual  mains  surges,  or  by  tlie  effects  of  ground  currents,  it  is 
recommended  that  surge  diverters  selected  in  accordance  witli  AS  1307-1'.!7A 
(see  also  Table  7)  be  installed  on  the  HV  and  LV  side  of  all  transformers 
connected  to  incoming  feeders,  being  placed  as  close  as  possible  to  the 
transformer  terminals.  LV  surge  diverters  should  be  connected  between  active 
terminals  and  earth  at  all  distribution  panels  and  at  all  items  of  plant  with 
a power  rating  of  lOlcVA  or  more  unless  the  entire  system  Is  protected  from 
entry  of  ground  currents. 


table  8 


Recoituuendecl  insulation  jevclt;  for  povoi  transfoniv^rs 
Extracted  from  [37]. 

Insulation  level  is  given  as  the  peak  impulse  withstand  voltage  for 
l/50ps  impulse  waveshape  applied  to  one  v.-indiug  v'ith  all  other  windings 
grounded. 


Rating 

Exposure  to  Surges 

L'ominal  rms 
Voltage  Rating 
of  Winding 

Insulation 

Level 

(Peak  Voltages) 

Lines  connected  to  winding 

exposed  to  direct  strike  or 

33kV 

200kV 

induced  surge  from  stricken 

llkV 

95kV 

shield  wire.  (Suitable 
surge  diverters  at  winding 

IkV  or  less 

30kV 

lOkVA 

terminals) . 

more 

Transformer  withiir  fully 
protected  (non  exposed) 

zone,  subject  only  to  res- 

llkV 

75kV 

idual  surges  passing  surge 
diverters  elsewhere  in 
system. 

IkV  or  less 

30kV 

Les.s 

Transformer  in  fully  shield- 

Less  than 

4 X rated  rms 

than 

lOkVA 

ed  zone 

IkV 

voltage  + 4kV* 

* Alternatively,  for  power  frequency  insulation  test:  2 x Rated  rms  voltage 
+ 2 kV  as  rms  value  of  a.c.  vjithstand  voltage. 


TABLE  9 Recor.unended  insulation  levels  of  power  equipment 

other  than  transformers 

Insulation  levels  given  as  the  peak  impulse  withstand  voltage  (1/50 
waveshape)  and  as  the  rms  pov;er  frequency  v'ithstand  voltage,  the  voltage 
being  applied  to  the  winding  etc.  under  test  with  all  other  parts  grounded. 


Rating 

— 

Exposure  to  Surges 

. 

Nominal  rms 
voltage 
rating 

Insulation  Level 

Impulse 
kV  peak 

Power 
Frequen cy 
kV  rms 

lOkVA 

or 

more 

Connected  lines  subject  to 
direct  strike  or  Induced 
surge  from  stricken  shield 
wire.  Suitable  surge  divert- 
ers at  equipment  teminals. 

llkV 

IkV 

or  less 

95 

40 

48 

20 

Equipment  within  fully  pro- 
tected zone.  Supply  lines 
equipped  with  surge  diverters 

llkV 

IkV 

or  less 

75 

20  to  30 

38 

10  to  15 

Less 

than 

lOkVA 

Equipment  in  fully  protected 
zone 

Less  than' 
IkV 

2 X rated 
rms  vol- 
tage +2kV 

* 


Testing  of  distribution  transformers  should  be  in  accordance  with  [37]. 
Consideration  should  be  given  to  implementirig  the  rcconuiiendations  in  [47]  for 
modifications  to  the  required  type  tests  on  distribution  transformers. 
Recoimnended  insulation  levels  are  listed  in  Table  8. 

For  motors,  generators,  and  other  equipment  not  normally  subjected 
to  impulse  voltage  tests,  insulation  tests  at  pov;er  frequency  may  be  sub- 
stituted for  impulse  voltage  tests  in  accordance  vjith  Table  9.  The  impulse 
or  power  frequency  test  voltage  is  applied  between  the  mains-connected 
winding  as  a unit  and  earth  with  all  other  parts  of  the  equipment  at  earth 
potential.  Surge  diverters  normally  installed  between  mains  terminals  and 
frame  (earth)  are  removed  during  these  tests. 

6.3  Protection  of  signal  conductors  in  exposed  positions 

It  is  desirable  that  signal  conductors  in  exposed  situations  should 
be  protected  from  direct  lighting  strikes.  To  achieve  this,  they  should  be 
Installed  in  ducting  or  metal  pipe  at  or  below  ground  level.  Alternatively, 
signal  conductors  may  be  run  above  ground,  provided  they  are  entirely  within 
the  protective  zone  of  an  earthed  overhead  conductor  system.  An  arrangement 
of  overhead  shield  wire  protection  for  above-ground  signal  conductors  is  shown 
in  Fig.  12.  Note  that  a minimum  clearance  of  1.5m  must  be  maintained  between 
the  overhead  earth  wire  or  downleads  and  the  signal  conductors  to  minimise, 
the  possibility  of  flashover  from  a stricken  overhead  earth  vjire  to  the  signal 
conductor. 

Signal  conductors  in  ducting  should  be  run  with  a minimum  clearance  of 
10  cm  from  the  walls  and  floor  of  the  duct  to  minimise  the  risk  of  flashover 
when  the  duct  carries  a portion  of  the  lightning  current,  see  Section  4.3. 
Recommended  protective  devices  and  insulation  levels  at  the  terminations  of 
signal  conductors  are  dealt  with  in  Section  6.5 

6.4  Specifisd  iinpulsG  levels  and  protection  at  a.c.  mains  connection  point 
6.4.1  Eqiiipmznt  in  cattQOKy  B 

The  insulation  of  the  mains-connected  winding  of  transformers  in 
category  B equipment  should  be  specified  and  type-tested  in  accordance  with 
Table  8.  For  equipment  of  less  than  lOkVA  rating  supplied  from  240V  mains, 
this  would  mean  an  insulation  level  of  5kV  r.m.s.  at  mains  frequency. 


Type-testing  of  representative  items  of  equipment  should  include 
measurement  of  the  voltage  peak  on  the  d.c.  side  of  transformcr-rcclif ler 
combinations  when  a specified  impulse  voltage  is  superimposed  on  the  normal 
mains  voltage.  For  240V  mains  powered  equipment,  the  recommended  test  vol- 
tage Is  a lOkV,  2/50ys  Impulse  superimposed  on  the  normal  mains  voltage. 
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and  applied  betv;een  active  and  neutral  teinilnals  with  sur';e  diverters  at 
the  mains  terminals  removed.  The  resulting  voltage  peak  on  the  d.c.  side 
of  transformer-rectifier  combinations  should  not  exceed  the  peak  inverse 
voltage  rating  of  the  rectifier,  or  such  lower  value  as  may  be  required 
to  avoid  damage  to  other  components  on  the  d.c.  side. 

In  normal  service  protective  devices  such  as  metal  oxide  varistors 
should  be  employed  to  prevent  damage  by  mains-borne  voltage  surges,  as 
shown  in  Fig.  23(a)  and  (b) . They  may  be  positioned  to  protect  trans- 
former insulation,  or  the  rectifier  assembly,  or  both.  Capacitor  input 
filters  provide  surge  protection  for  the  associated  rectifier  assembly 
and  would  obviate  the  need  for  a metal  oxide  varistor  on  tiie  secondary 
side.  A protective  device  on  the  primary  side  could  still  be  desirable 
to  protect  the  transformer  insulation. 

Provided  the  a.c.  mains  supply  and  individual  items  of  equipment 
have  been  protected  as  recommended  above,  and  ground  currents  cannot  enter 
the  equipment,  damage  from  mains  surges  due  to  lightning  is  unlikely. 

Under  certain  conditions  mains  surges  can  be  generated  within  an  instal-  I 

lation  by  switching  [48]  or  by  other  transient  conditions.  These  surges 
may  cause  malfunction  and  insulation  breakdown.  It  is  therefore  considered 
good  practice  to  instal  the  recommended  protective  devices  on  all  equip- 
ment in  this  category,  even  where  the  risk  of  lightning-caused  surges  is  ; 

small.  I 

Problems  may  arise  in  applying  these  protective  measures  to  equip- 
ment whose  earth  floats  with  respect  to  the  mains  earth,  to  which  the  | 

mains  neutral  will  normally  be  connected.  In  this  situation,  a floating  ; 

а. c.  supply,  obtained  from  an  adequately-insulated  transformer  winding  j 

should  be  used  to  power  the  equipment,  and  a protective  device  connected  j 

between  each  a.c.  terminal  and  the  equipment  earth,  see  Fig.  15.  A pro- 

•i 

tective  device  is  required  between  the  floating  earth  and  local  earth  to 

limit  the  voltage  across  the  transformer  insulation.  ^ 

б. 4.2  Eqaipment  .in  CcUdgofiy  C 

Provided  the  associated  LV  mains  distribution  panels  are  protected 
by  surge  diverters,  aiid  the  mains  connected  windings  are  insulated  as 
recommended  in  Tables  8 and  9,  no  further  protection  should  be  necessary 
at  mains  power  connection  points.  The  same  considerations  should  apply 
to  transformer-rectifier  combinations,  as  discussed  in  6.4.1  above. 
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6.5  Spccifiec!  impulse  levels  eiid  prott;ctieti  o.t  poir.t  of  connection  of  signel 
conductors  to  equipment. 

6.5.1  GcucAat.  cxnu>idQjuutioiU>  in  piotactlon  i-igncit  conduciop^  connccticn 
poiitti 

All  signal  conductors  not  within  a fully  shielded  zone  should  be 
protected  from  direct  strike  by  one  of  the  methods  given  above  (Sections  3.1 
and  4.3).  Thus  only  induced  surges  .should  occur  in  these  conductors.  The 
two  exceptions  considered  in  this  report  are  the  RF  feeders  from  open-wire 
aerials  and  monopoles.  Gas  arresters  are  already  specified  for  surge  current 
diversion  on  some  monopoles,  and  similar  action  is  recommended  for  all 
open  wire  aerials.  Assuming  that  this  is  done,  voltages  and  currents  at  the 
receiving  end  of  the  RF  feeders  should  be  no  v/orse  than  those  caused  by  the 
most  severe  induced  surge  assumed  In  this  report,  provided  the  feeder  itself 
is  protected  from  direct  strike.  Thus  the  forms  of  protection  recommeiaded 
are  applicable  to  any  low  power  level  signal  conductor  system. 

An  induced  surge  in  a signal  conductor  connecting  equipment  in  dif- 
ferent parts  of  an  installation  can  damage  the  input  (or  output)  circuits 
of  the  equipment  unless  the  surge  is  limited  to  a level  tolerable  to  the 
equipment.  Where  the  possibility  of  induced  surges  exists,  a suitable 
combination  of  protective  devices  should  be  interposed  between  the  signal 
conductor  and  the  equipment  terminals,  either  as  an  addition  to  existing 
equipment  or  as  an  integral  part  of  the  equipment.  The  protective  system 
should  be  selected  in  accordance  with  the  type  of  signal  transmitted,  the 
normal  signal  voltage  amplitude,  and  the  effect  of  shunt  capacitance  on 
the  system  performance.  The  types  of  signal  considered  are: 

(a)  signals  with  voltage  excursions  of  both  polarities:  low  frequency 
analogue  signals,  low-level  RF  signals. 

(b)  signals  with  voltage  excursions  of  one  polarity:  logic-level  signals, 
modulated  pulse-train  signals. 

6.5.2  SzveAity  induced  iufige^  and  ba.iic  pfLote.ction  -i>tn.ategij 

It  is  shown  in  Appendix  7 that  a current  surge  of  the  order  of  8kA 
can  be  Induced  in  signal  conductors  under  certain  conditions.  The  recom- 
mended primary  protective  device  is  therefore  a gas  arrester,  which  should 
be  installed  at  the  point  of  entry  of  the  signal  conductor  to  the  fully 
shielded  zone,  e.g.  the  building,  see  Fig.  25. 

In  addition,  protective  devices  at  the  equipment  terminals  should 
be  installed  to  protect  against  the  residual  surge  resulting  from  the 
finite  time  to  breakdown  of  the  gas  arrester,  from  voltages  too  low  to 
cause  the  gas  arrester  to  conduct  , and  from  transients  resulting  from  the 
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(q)  FULLY  PROTECTED  ZONE 


INDUCED  THREE  ELECTRODE  (SEE  DETAIL  BELOW) 


Fig.  2b  llluotration  of  basic  strategy  for  protection  of  cquipmoit, 
using  a gas  arrester  as  the  primary  protective  device. 
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breakdown  of  the  gas  arrester. 

If  an  appreciable  length  of  signal  conductor  exists  betvi^een  the  entry 
point  to  the  fully  shielded  xone  and  the  equipment,  the  impedance  of  this 
section  will  be  sufficient  to  limit  the  current  to  a value  within  the  capa- 
bility of  the  secondary  protection,  Fig.  25(a).  Alternatively,  additional 
impedance,  should  be  included  in  series  with  the  signal  conductor,  Fig.  25(b) 
and  (c) . 

6.5.3  VeXatts  pfuxt\aMj  pAo taction 

For  primary  protection,  a selection  is  required  of  the  type  of  gas 
arrester  (two-electrode  or  three-electrode),  and  of  the  d.c.  striking  voltage 
rating  of  the  arrester  (range  approx.  lOOV  to  lOOOV) . Three  electrode 
arresters  are  recommended  where  two  signal  lines  are  involved,  or  where  the 
signal  line  is  a coaxial  feeder  at  the  point  of  entry  to  the  receiving  equip- 
ment, as  gaseous  breakdown  between  one  line  and  earth  can  spread  rapidly 
throughout  the  tube,  and  prevent  a voltage  rise  of  the  other  line  with  respect 
to  earth.  Typical  gas  arrester  characteristics  are  given  in  Table  6. 

6.5.4  VeXcUZs  i,QAX(U>  Zitpcdancc 

The  function  of  the  series  impedance  is  to  limit  the  current  entering 
the  secondary  protection  to  a tolerable  level.  Assuming  this  current  to  be’ 
15A,  the  breakdown  voltage  of  the  arrester  to  be  lOOV,  and  the  voltage  across 
the  secondary  protection  to  be  15V,  the  series  impedance  must  be  about  (100-15) 
/15  = 6 ohm.  If  this  exceeds  the  series  resistance  of  the  signal  line  between 
the  gas  arrester  and  the  equipment,  the  balance  must  be  provided  at  the  equip- 
ment. Considering  the  case  where  the  entire  6 ohm  is  provided  as  a discrete 
series  resistor  at  the  equipment  terminals,  and  a surge  just  insuff icleiit  to 
fire  the  arrester  occurs,  with  duration  1ms,  the  resistor  must  absorb 
85  X 15  X 10~3  = 1,3J. 

If  a larger  series  resistance  could  be  used  without  degrading  system 
performance,  the  severity  of  the  current  pulse  entering  the  secondary  pro- 
tection would  be  lessened,  simplifying  the  design  of  this  portion  of  the 
protective  circuit.  Employment  of  a resistor  as  the  series  Impedance  has 
the  advantage  that  the  unwanted  surge  energy  is  dissipated,  not  stored,  and 
current  is  limited  regardless  of  the  nature  of  the  voltage  changes  occurring 
across  the  gas  arrester.  Use  of  series  resistance  is  therefore  recoiiunended 
provided  system  performance  is  not  degr.adcd  to  an  unacceptable  extent. 

However,  for  situations  where  the  degradation  is  unacceptable,  a choice  must 
be  made  of  other  forms  of  scries  impedance.  One  iminufacturer  [49]  recommends 
the  use  of  a series  capacitor  for  RF  .signals  and  a series  Inductor  for  logic 
signals.  Assuming  that  the  impedance  of  the  series  capacitor,  C,  at  1 IDIr  is 
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Fig.  26  Variation  of  capacitance 
with  reverse  vottage  for  silicon 
diode  type  BA148  and  y.ener  diode 
types  BZX?0-C10  and  BZX70-C15. 
Adaoted  from  manufacturer  's  data 
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Fig.  27  Various  secondary  protectvon  cvrcuvts  wtihout  Inas  for  svgnal 
transmission  with  one  active  line  and  earth. 
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not  to  exceed  1 ohm,  its  value  muat  be  C = l/2ir  x 10^  -0.2  uF.  Using 
(dV/dt)„joj.  = Imax/C,  with  Ii^ax  ==  15A,  (dV/dt)niaK  10®  V/s,  corresponding  to 
the  voltage  rising  from  zero  to  the  d.c.  striking  voltage  of  the  arrester  in 
about  lys.  It  is  considered  likely  that  this  rate  of  change  would  be  exceeded 
either  on  the  front  of  the  incoming  surge,  or  at  the  moment  of  firing  of  the 
arrester,  when  the  voltage  acrojjs  the  arrester  falls  rapidly  to  zero  with  the 
capacitor  charged  to  about  90V.  Under  these  circumstance,  the  current  would 
be  determined  by  stray  circuit  inductance,  Lg,  and  the  value  of  C.  Assuming 
at  worst  that  the  stored  energy  1/2  CV^  is  transferred  to  energy  1/2  Lsl^, 
then  I = V(C/Ls)^'^^.  If  the  largest  tolerable  value  of  1 is  15A,  the  smallest 
allowable  = C(V/l)^  = 0.2  x 10~^  x 6^  - 7yl).  If  the  connections  between 
the  gas  arrester  and  the  equipment  terminals  have  less  Inductance,  damage  to 
the  secondary  protection  is  liViely.  If  a larger  RF  series  impedance  can  be 
tolerated  resulting  in  a smaller  C,  the  smallest  allowable  Ls  is  correspondingly 
reduced. 


The  manufacturer  referred  to  above  recommends  use  of  a series  inductor, 
L,  as  the  series  impedance  element  in  the  protection  of  logic  signal  lines. 

The  most  severe  duty  in  the  system  occurs  with  a long-duration  voltage  surge 
just  below  the  d.c.  striking  voltage  of  the  gas  arrester,  say  lOOV.  Using 


dl/dt  = V/L  or  1 = (1/L) 


Vdt,  then  L = 


j Imax 


is  the  smallest  allow- 


able series  inductance.  If  Imax  ~ 15A,  V = 10^  volt,  dt  = 10~^s,  then  L = 70yH. 
I'.'.'  manufacturer  recommends  use  of  a lOOyH  choke,  having  established  that  pulse 
voltage  rise-times  were  not  significantly  degraded  by  its  use.  The  assumption 
maue  above  that  V = 100  volts  for  not  more  than  lOys  appears  reasonable.  If 
the  coupling  between  the  stricken  conductor  and  the  signal  wire  is  predominantly 
capacitive,  current  injection  V70uld  occur  only  during  the  front  of  the  lightning 
current  waveshape.  If  the  coupling  is  by  mutual  inductance,  then  the  analysis 
of  Appendix  7 shows  that  a current  is  injected  into  the  signal  wire  which  is 
similar  in  waveshape  to  that  of  the  lightning  current.  If  the  Induced  signal 
line  current  Is  - 0.01  of  the  lightning  current,  then  a lower  ]imit  of  dls/dt 
would  be  n.  10®  A/s  and  the  voltage  across  10  wwuld  bo.  lOOV , i.e.  tlie  gas 
arrester  would  fire  for  nearly  all  induced  voltage  surges  in  a time  much  less 
than  lOys. 

6.b.5  Vetcu-ti  0^  6e.condaAij  pfLOtcction 

In  manufacturers'  literature  and  elsewhere  [50]  nuiny  different  arrange- 
ments of  diodes  and  zener  diodes  are  suggested  which  will  prevent  excessive 
voltage  while  not  interfering  with  normal  operation.  It  is  assumed  that  the 
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Fig.  28  Ihibiassed  secondary  protection  for  balanced  signal  transmission. 
In  (b).  A'  is  chosen  as  discussed  in  section  6.5.6. 


Fig.  29  Tuo  forms  of  biassed  secondary  protection  for  digital  signal 
transmission  uiith  signals  of  only  positive  polarity.  For 
exajnfile,  D1  and  D3  are  silicon  diodes  type  BA148,  D2  is  zener 
diode  type  BZW70-6VS,  Rj  = 470U. 
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equipment  under  consideration  here  can  withstand  input  voltages  in  the  range 
5 to  30V,  making  gas  arresters  inapplicable.  It  is  also  assumed  that  non- 
recurrent surges  are  limited  to  15A  by  the  series  impedance. 

Secondary  protection  can  thus  be  achieved  by  a combination  of  diodes 
and  zener  diodes  [42],  [43],  arranged  to  suit  the  nature  of  the.  signal  and 
the  permissible  voltage  swing  at  the  input  terminals  of  the  equipment.  The 
capacitance  between  the  signal  line  and  earth  caused  by  the  diodes  and  zener 
diodes  may  be  an  important  factor  in  selecting  the  appropriate  form  of  sec- 
ondary protection.  A silicon  diode  such  as  type  B.A148  which  is  capable  of 
carrying  a xion-repetitive  forward  current  pulse  of  15A,  has  a capacitance 
Cd  at  zero  applied  voltage  of  'v  35pF.  Cd  falls  with  increasing  reverse 
voltage,  Vr,  as  shown  in  Fig.  26. 

Diodes  capable  of  carrying  a current  surge  of  'v  15A  generally  have 
an  appreciable  turn-on  time  of  the  order  of  Ips  when  forward  biassed. 

During  the  turn-on  time,  a relatively  large  voltage  (10  to  20V)  may  occur 
across  the  diode,  which  could  cause  a short-duration  voltage  pulse  at  the 
equipment  terminals.  It  would  be  necessary  to  ensure  that  this  pulse  could 
not  damage  the  equipment.  Alternatively,  if  the  signal  lines  and  associated 
circuits  prevented  large  rates  of  change  of  voltage  from  occurring,  the 
finite  diode  turn-on  time  would  not  affect  the  performance  of  the  protective 
circuit.  Dynamic  behaviour  of  diodes  and  other  semiconductor  devices  is 
discussed  in  Ch.  20  of  [51]. 

Zener  diodes  with  rated  zener  voltage  of  about  lOV  have  Cj  values 
from  about  100  to  lOOOpF  or  more,  depending  on  the  current  and  power  dis- 
sipation rating.  By  placing  a diode  such  as  BA148  in  series  with  the  zener 
diode,  the  capacitance  is  reduced  to  30  to  40pF,  provided  the  signal  ampli- 
tude is  small  (e.g.  tens  of  mV).  This  is  evidently  relied  upon  in  the 
protective  circuit  of  Fig.  22.  In  situations  where  shunt  capacitance  of 
50  to  lOOpF  is  unacceptable,  the  shunt  capacitance  can  be  reduced  by 
reverse  biassing  the  diodes  as  discussed  below. 

6.5.6  Unb-Lcu>ie.d  6c.condaAy  pxo taction  aiKauuti> 

Fig.  27(a)  shows  an  arrangement  for  a low-level  analogue  signal  where 
the  number  of  diodes  in  series,  N,  in  each  branch  is  chosen  to  suit  the 
largest  amplitude  Vm  of  the  Incoming  signal.  If  Vc  is  the  largest  forxv^ard 
voltage  across  a diode  at  which  the  forward  diode  current  produces  a neg- 
ligible loading  f.n  the  signal  line,  then  we  require  N 5 V^^/V^.  Assuming 
surge  Current  to  be  limited  to  15A,  and  the  forward  diode  voltage  drop  to 
be  Vj,  at  this  current,  the  largest  voltage  surge  at  the  equipment  terminals 
would  be  = Wj,. 
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Fig.  ZO  Tioo  forms  of  biassed  seaondaj’y  protection  for  balanced  signal 
transmission. 


Fig.  31  (a)  Secondary  protection 

with  bias  for  signal  transmission 
with  one  active  line  and  earth, 
and  signal  voltages  in  the  range 
about  -6  to  +6  volt.  For  exajrple 
D1  and  D2  are  type  BA148,  D3  and 
D4  arc  suitably  rated  lOV  zener 
diodes,  and  R - 470Q.. 

(h)  Combined  shunt  capacitance, 

Cdl  ^ ^'d2  of  reversed  biassed 
diodes  Dl,  D2  as  a function  of 
signal  voltage,  assuming  lOV 
across  each  zener  diode. 


SIGNAL  LINE  VOLTAGE,  Vs, VOLT 
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Fig.  27(b)  shows  an  ari’angcmont  suited  to  a digital/pulse  signal  of 
positive  polarity  only,  zener  diode  D1  being  selected  to  conduct  at  a voltage 
just  above  the  normal  signal  amplitude.  The  shunt  capacitance  v^ill  be  that 
of  the  zener  diode,  in  the  range  100  to  lOOOpr.  Assuming  the  zener  diode, 
to  be  type  BZW70-5V6,  the  voltage  across  the  device  vdien  carrying  15A  would 
be  about  9V  [A2].  Allowing  a IV  drop  across  diode  D2  (e.g.  type  BA148) , a 
voltage  pulse  of  about  lOV  amplitude  occurs  when  the  protection  operates,  and 
the  logic  circuit  input  w'ould  have  to  be  rated  to  withstand  this  pulse.  Fig. 
27(c)  shows  a similar  arrangement  with  similar  characteristics  followed  by  a 
further  stage  of  surge  protection  to  avoid  damage  to  the  input  circuit  of  a 
C-MOS  gate.  For  example  if  R = lOOQ,  DA  and  D5  are  silicon  diodes  such  as 
BA102  [35]  the  additional  time  constant  introduced  would  be  of  the  order  of 
100  olim  X lOOpF,  which  is  negligible.  The  selection  of  D1  is  rendered  less 
critical  as  the  voltage  pulse  across  D1  and  D2  may  now  considerably  exceed 
Vqc  without  causing  a gate  input  voltage  greater  than  Vec  plus  one  diode 
voltage  drop.  Fig.  27(d)  and  (e)  consisting  of  a single  zener  diode  of 
appropriate  rating  or  a pair  of  zener  diodes  back-to-back  may  be  adequate 
in  some  situations.  These  circuits  can  be  adapted  for  balanced  signal  lines 
as  shown  in  Fig.  28. 

6.5.7  B-ccuizd  iitcondojuj  pKottetion  cxAccuXa 

The  shunt  capacitance  presented  by  the  circuits  described  above  can 
be  considerably  reduced  by  suitable  biassing  as  shown  in  Fig.  29,  30  and  31. 

For  signals  of  both  polarities  on  one  active  line  the  circuit  of  Fig.  31(a)  is 
suitable.  R is  selected  to  maintain  approximately  lOV  across  tlie  zener  diodes. 
The  shunt  capacitance  is  the  sum  of  Cdl  snd  C^2  diodes  D1  and  D2  respect- 
ively. The  manner  in  which  shunt  capacitance  varies  with  applied  voltage  may 
be  estimated  graphically  as  shown  in  Fig.  31(b).  For  circuits  with  one 
polarity  of  signal,  the  circuits  of  Fig.  29  are  suitable,  and  for  balanced 
signal  transmission  with  both  polarities  of  signal,  the  circuits  of  Fig.  30 
may  be  used. 

6.5.S  Spaci^d.c£ution  ln6uCcvUon  leveZi 

The  impulse  voltage  to  be  witlistood  by  tlie  equipment  input  circuit 
can  be  calculated  from  the  characteristics  of  the  secondary  protection  and 
the  maximum  current  (e.g.  15A)  to  be  absorbed  by  it.  Tlie  portion  of  the 
signal  lines  exposed  to  induced  surges  should  be  insulated  from  earth  for 
a voltage  at  least  10  times  the  d.c.  striking  voltage  of  the  gas  arrester 
used.  Tills  will  render  unlikely  insulation  breakdown  before  the  gas 
arrester  fires  on  steep-fronted  surges,  and  allow  for  some  potential  drop 
along  the  signal  line. 
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Hg.  32  Itlustr'ation  of  protection  against  induced  surges  and  direct 
strike. 
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The  specification  of  the  impulse  withstand  level  of  the  signal  lines 
and  connected  equipment  may  thus  be  expressed  in  terms  of  the  expected  Wfn/e- 
shape  of  the  induced  surge,  the  breakdown  characteristics  of  tl.c  primary 
protective  device  (normally  a gas  arrester) , the  impedance  of  the  signal 
conductor,  together  with  any  additional  impedance,  interposed  between  the 
gas  arrester  and  the  equipment,  and  the  voltage-current  characteristic  of 
the  secondary  protection. 

6.5.9  Ex.ampZe  apptLcation  pKotzetiva  de.vZceA 

As  an  example  of  overall  lightning  protection  strategy,  the  protect- 
ion of  an  RF  feeder  from  a rhombic  antenna  will  be  considered,  without 
implying  that  any  particular  system  is  under  consideration.  The  system  is 
shov/n  in  Fig.  32.  Possible  ways  a lighting-caused  surge  could  enter  this 
system  are  as  follows: 

(a)  Direct  strike  to  antenna  wire 

(b)  Strike  to  supporting  mast  followed  by  flashover  to  antenna  wire  or  open- 
wire  feeder  down  mast. 

(c)  Strike  to  mast  causing  induced  surge  in  open-wire  feeder. 

(d)  Strike  to  shield  wire  protecting  coaxial  feeder,  assumed  to  be  arranged 
as  shown  in  Fig.  12,  causing  induced  surge  in  coaxial  feeder. 

The  surge  impedance  of  a mast  of  the  type  used  to  support  a rhombic 
antenna  is  of  the  order  100  to  200  ohm  during  the  first  microsecond  or  two 
of  lighting  current  injection,  so  the  mast  top  potential  can  exceed  IfW  for 
typical  lightning  currents.  Wliile  coupling  between  mast,  antenna  wire,  and 
RF  feeder  Lends  to  reduce  the  potential  difference  between  them,  it  is 
advisable  to  provide  insulation  here  for  at  least  IMV,  and  more  if  this  is 
practical. 

Tlie  recommended  protective  device  to  cater  for  (a),  (b),  and  (c)  above 
is  a three  electrode  gas  arrester,  as  this  has  low’  shunt  capacitance  and  liigh 
discharge  current  rating.  VJliile  a direct  strike  to  the  antenna  wire  will 
probably  destroy  the  arrester,  the  balun  transformer  and  coaxial  feeder  should 
escape  damage. 

To  cater  for  (d)  above,  gas  arresters  are  provided  at  each  end  of 
the  coaxial  cable  as  shown,  The  gas  arrester  at  the  75  ohm  side  of  the 
balun  transformer  will  protect  the  inter-winding  insulation  provided  lliis 
has  a strength  of  "v  2kV.  The  coaxial  cable  insulation  between  inner  and 
outer  conductors  should  also  have  at  least  this  insulation  strength. 
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The  arrangement  shown  in  Fig.  12  should  provide  adequate  insulation 
between  the  coaxial  cable  and  the  supporting  and  shielding  parts. 

For  protection  of  the  equipment  input,  a series  capacitor  C,  and 
biassed  secondary  protection  diodes  Dl,  D2,  D3  and  D4  are  provided.  The 
most  severe  conditions  occur  when  C is  charged  to  about  dOV  and  the  gas 
arrester  fires.  It  would  be  necessary  to  establish  that  the  resulting 
current  pulse  through  the  diodes  did  not  exceed  their  transient  current 
rating  15A) . If  the  voltages  conditions  and  diode  types  were  as  shown 
J..1.  Fig.  31,  the  shunt  capacitance  presented  to  the  RF  signal  under  normal 
conditions  would  be  about  25pF,  and  the  peak  voltage  pulse  at  the  equip- 
ment terminals  would  be  about  15V  lasting  at  most  about  lOys.  Tlie  equip- 
ment input  would  have  to  be  specified  to  withstand  this  pulse. 

An  alternative  method  of  surge  protection  in  R.F.  feeders  is  under 
investigation  at  the  University  of  Queensland.  This  is  based  on  transformer 
coupling  to  provide  common-mode  surge  isolation,  saturation  of  the  trans- 
former core  being  used  to  limit  the  amount  of  surge  energy  transferred  under 
differential  mode  conditions.  High  pass  filtering  is  also  incorporated  in 
this  protective  device  to  remove  the  low  frequency  components  of  transmitted 
surges.  These  techniques  could  be  extended  to  the  device  providing  the 
coupling  between  monopole  antennas  and  coaxial  R.F.  feeders. 

6.6  The  transient  control  level  concept 

The  concept  of  a transient  control  level  for  electronic  equipment 
has  recently  been  presented  in  [52]  and  [53].  This  is  analogous  to  the  BIL 
(Basic  Insulation  Level]  approach  to  insulation  coordination  which  has  been 
used  successfully  for  many  years  in  specifying  electric  power  system 
apparatus.  If  some  measure  of  agreement  can  be  reached  between  manufacturers 
and  users  of  electronic  equipment  regarding  the  implementation  of  the  proposals 
made  in  [52]  and  [53]  it  will  greatly  simplify  the  user's  task  in  ensuring 
protection  of  his  equipment  from  damage  by  transients,  whether  from  lightning 
or  any  other  source. 


7.  ASSESSMENT  OF  OVEHUL  SYSTEM  PERFORMANCE 


While  the  recommendations  contained  in  this  report  sliould  Iceep  the 
number  of  lightning-caused  faults  to  an  acceptably  low  level,  it  must  be 
expected  that  occasional  failures  of  the  protective  system  will  occur.  In 
order  to  permit  assessment  of  the  cause  of  the  failure,  with  a view  to 
future  improvements  in  protection,  it  is  essential  that  all  relevant  infor- 
mation concerning  faults  which  involve  the  protective  system  be  recorded  and 
reported  to  Engineering  Design  Authorities.  Details  to  be  reported  are 
listed  at  Appendix  9. 
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9!  GLOSSARY 


Thunderstorm-day  or  thunder-day  : Day  with  thunder  heard  at  one  location. 

Lightning  flash  : An  electrical  discharge  in  the  atmosphere  usually  occur- 
ring between  electrically  charged  zones  in  a cumulonimbus  cloud  or 
between  one  of  these  zones  and  earth.  The  discharge  typically  has 
a length  of  the  order  of  kilometres  and  a duration  of  the  order 
of  a second. 

Lightning  discharge  : Synonymous  with  lightning  flash. 

Ground  flash  : A lightning  flash  between  a charged  zone  in  a cloud  and 

earth.  (Sometimes  referred  to  as  a cloud-ground  flash  or  a light- 
ning flash  to  ground). 

Cloud  flash  : A lightning  flash  which  does  not  strike  the  earth.  (Sometimes 
referred  to  as  a cloud-cloud  flash  or  sky-flash) . 

Intra-cloud  flash  : A could  flash  within  one  thundercloud. 

Inter-cloud  flash  : A cloud  flash  between  two  thunderclouds,  or  at  least 
between  two  distinct  and  separate  cells  within  a bank  of  clouds. 

Lightning  stroke  : A partial  discharge  during  a ground  flash,  having  a 
duration  of  the  order  of  a millisecond  and  involving  one  high- 
current  impulse  in  the  discharge  channel  between  cloud  to  earth. 

Multiple-stroke  ground  flash  : A ground  flash  comprising  more  than  one 
lightning  stroke. 

Interstroke  interval. : Time  interval  between  successive  strokes  in  a multiple- 
stroke  flash. 

Sign  of  electric  field  change  : The  electric  field  change  resulting  from  a 
ground  flash  is  defined  as  positive  when  this  change  is  caused  by 
a transfer  of  negative  charge  from  cloud  to  ground. 

Ground  flash  density  (Ng)  : Tlie  number  of  ground  flashes  per  unit  time  and 
per  unit  area  of  the  earth's  surface. 

Cloud  flash  density  (Nc)  : The  number  of  cloud  flashes  per  unit  time  and 
per  unit  area  of  the  earth's  surface. 

Total  flash  density  : No  + Ng. 
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APPENDIX  1 

ESTIMATION  OF  EFFECTIVE  AREA  OF  AN  ELEVATED  INSTALLATION  OR 
STRUCTURE  FOR  INTERCEPTING  LIGHTNING 

As  shown  in  section  2.3  and  Fig.  5,  any  elevated  object  tends  to 
divert  towards  itself  the  down-coming  lightning  leader,  and  is  therefore 
struck  more  often  than  its  plan  area  would  indicate.  If  the  object  is  h 
metres  high,  it  intercepts  lightning  strikes  over  a radius  ra*  Letting 
X = ra/h,  we  see  from  the  broken  lines  in  Fig.  5 that  the  ratio  x varies 
to  some  extent  with  h,  and  has  a value  of  about  3 to  5 or  more  for  objects 
up  to  100  m high,  according  to  [3]. 

It  appears  reasonable  to  extend  the  idea  of  the  interception  zone  of 
an  isolated  tower  to  a situation  involving  a tall  building  of  relatively  large 
plan  area,  or  a building  on  a hilltop,  as  shown  in  Fig.  Al.l.  The  technique 
illustrated  enables  the  dimensions  of  the  interception  zone  to  be  obtained  by 
calculation  or  scale  drawing,  and  hence  the  effective  area,  Agff  for  inter- 
ception of  lightning  to  be  calculated.  Then  the  expected  number  of  lightning 
strikes  per  year  is  simply  NgA^ff.  For  conservative  estimates  of  this 
quantity,  it  is  recommended  that  the  value  x = 5 be  used,  corresponding  to 
(fi  = tan-15  = 79°. 

It  should  be  noted  that  the  notion  of  an  interception  zone  has  only 
a statistical  validity,  as  some  high-current  flashes  outside  the  zone  may 
strike  the  object  and  some  low-current  flashes  may  strike  the  ground  within 
the  interception  zone.  Thus  the  Interception  zone  should  not  be  interpreted 
as  a protected  zone.  For  satisfactory  protection,  much  smaller  angles  are 
required  (or  even  negative  angles)  as  shown  in  Fig.  9. 
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APPCNDI)(  2 

LIGHTNING  PROTECTION  OF  BUILDINGS,  INCLUDING  CONDUCTOR  TYPES 

A general  account  of  lightning  protection  of  buildings  is  given  by 
R.H.  Golde  [54]  and  specific  recommendations  for  Aus-tralian  conditions  are 
contained  in  Australian  Standard  AS1768  - 1975  [7].  A brief  account  is  given 
here  of  the  main  recoimnendations  in  [7]  which  should  be  applied  v;here  the 
cheap  and  effective,  but  aesthetically  less  pleasing  protective  system 
suggesting  in  section  3.1  and  Fig.  10,  cannot  be  employed. 

For  buildings  of  simple  shape  such  as  the  one  shown  in  Fig,  11,  the 
basic  principle  is  to  place  earthed  conductors  in  positions  where  they  are 
likely  to  launch  a "successful"  return  streamer,  i.e.  one  which  diverts  the 
lightning  path  to  the  conductor.  Such  a conductor  is  termed  an  air  terminat- 
ion. They  should  be  placed  along  all  upper  edges  of  the  building  as  shown 
in  Fig.  11  and  Fig.  A2,l,  Additional  horizontal  conductors  should  be  placed 
acrosss  the  roof  so  that  no  part  of  the  roof  is  more  than  10m  from  a conductor. 
Down  conductors  linking  the  air  terminations  to  the  earthing  system  should  be 
placed  at  intervals  not  greater  than  30m  around  the  building.  t'Jhere  different 
portions  of  a building  have  different  heights,  as  in  Fig.  A2.1,  the  additional 
air  terminations  required  should  be  provided  with  an  additional  doralead, 
unless  the  overhang  is  less  than  5 m (see  Fig.  A2.1). 

The  materials  recommended  for  both  air  terminations  and  downleads 
are  copper  and  aluminium.  The  minimum  dimensions  are  as  follows. 

Strip  : 20  ram  X 3 mm 

Rod  : 10  mm  dia. 

Stranded  conductors:  35  mm^ 

Where  aluminium  is  selected,  copper  or  copper-covered  or  copper  alloy  fittings 
should  not  be  used.  Fastenings ■ and  jointing  should  ensure  low  resistance 
electrical  joints,  freedom  from  corrosion  troubles,  and  mechanical  soundness. 
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APPENDIX  3 

CALCULATION  OF  HEATING  EFFECT  OF  LIGHTNING  CURRENTS 

This  appendix  is  concerned  chiefly  with  calculating  the  transient 
heating  of  overhead  ground  wires  used  to  intercept  and  divert  to  earth 
lightning  stroke  currents.  Some  references  to  observations  on  the  heating 
of  thin  metal  sheets  are  also  given. 

It  will  be  assumed  that  the  lightning  current,  I,  flows  through  a 
metal  conductor  of  uniform  cross  section  area  Aw,  length  L,  and  that  the 
metal  has  density  D,  resistivity  at  ambient  temperature  ("v  20°C)  Po>  thermal 
coefficient  of  resistivity  a,  and  specific  heat  S.  The  temperature  rise 
above  ambient  is  6(°C).  It  will  be  assumed  that  the  energy  injection  occurs 
in  about  1 s,  so  heat  loss  by  radiation  etc.  is  negligible.  Thus  the  energy 
injected  is  entirely  stored  as  thermal  energy  in  the  conductor. 

The  energy  injection  can  be  measured  in  terms  of  the  quantity  g = I^dt, 
referred  to  in  [3]  as  the  action  integral,  where  it  is  stated  that  for  50%  of 
flashes  g exceeds  4 x lO^A^s,  and  for  2%  of  flashes  g exceeds  lO^A^s. 

The  problem  is  complicated  by  the  fact  that  several  of  the  variables 
involved  are  functions  of  temperature,  but  for  tho  present  calculation  it  will 
be  assumed  that  the  dominant  effect  is  change  of  resistivity  with  temperature, 
and  that  this  can  be  allowed  for  by  assuming  a constant,  so 


p = PO  (1  + cxe) 

gives  the  resistivity  at  any  temperature  rise,  9. 


(A3.1) 


Following  the  treatment  given  in  [55]  p.  253,  consider  an  incremental 
temperature  rise  d0  caused  by  an  increment  dg  in  g,  during  time  dt.  The 
following  relations  hold. 


Mass  of  wire  = D A^^L 
Resistance  of  wire  = PL/A^ 

= po(l  + ae)L/Aw 

Energy  injection  = I^dtpo(l  + a0)L/Aw 
This  energy  is  stored  as  an  incremental  increase  in  thermal  energy. 


we  have 


I^dt  = dg, 

D A„L  S d6  = dgPo(l  + a0)L/Aw 
d0  ^ PO 
^ “ A^2  D S 


(A3. 2) 

(A3. 3) 
(A3. 4) 


(A3. 5) 
(A3. 6) 

(A3. 7) 


On  integrating  this,  and  applying  tlie  condition  0=0  when  g = 0,  we  obtain 

— log(j(l  + aO)  = • — 

a * A.  2 DS 


i>9. 


loseCl  aO)  = , 


(A3. 8) 
(A3. 9) 


The  materials  most  likely  to  bo  used  in  this  application  are  copper,  galvan- 
ised steel,  and  aluminium.  Approximate  values  of  D,  S,  po,  a,  and  poa/hS 
for  these  materials  are  listed  in  Table  A3.1. 

TABLE  A3.1 


Material 

D 

S 

Po 

a 

Poa/DS 

g . cm” 3 

Jg  C 

ohm  cm 

oc-l 

ohm  cm‘^J  ^ 

Copper 

8.9 

0.385 

1.77x10”^ 

0.004 

2.07x10-5 

Galv.  steel 

CO 

0.460 

llxl0”6 

0.004 

12.27x10”5 

Aluminium 

2.7 

0.945 

2.83x10“^ 

0.004 

4.44x10-5 

Using  the  constants 

in  Table  A3. 

1,  the  relation  between  0 

and  g/Aw^ 

may  be  plotted 

for  each  material,  as  in 

Fig.  A3.1,  where  g is  in 

A^s,  and 

is  in  cm^ . 

These  curves 

may  be  used 

to  determine 

minimum  vali 

ues  of  Aw 

for  given  maximum  temperature  rise  and  assumed  value  of  g.  For  example,  if 
®max  “ SOO^C,  g = lO^A^s  corresponding  to  a severe  lightning  flasli,  the 
minimum  values  of  Aw  are  as  follows 


Minim.um  Aw 

Diameter  of 

cm^ 

round  conductor  (cm) 

Copper  0.043 

0.23 

Galv.  Steel  0.105 

0.37 

Aluminium  0.063 

0.28 

Thus  conductors  of  practical  size  have  a considerable  safety  margin 
against  thermal  damage,  even  allowing  for  some  additional  heat  injection 
from  the  lightning  channel  near  the  point  of  strike.  That  the  above  con- 
ductor sizes  are  conservative  can  be  inferred  from  the  observation  in  [56] 
that  only  one  out  of  100  lightning  strikes  to  telecommunication  lines  causes 
melting  and  breaking  of  the  wires  which  have  a cross  sectional  area  of  about 
10  mm^ . It  appears  that  the  localised  melting  at  the  point  of  strike  is 
caused  more  by  heat  transferred  from  the  lightning  channel  than  by  I^R  heating. 

Observations  of  the  puncture  of  thin  metal  sheets  by  lightning  are 
reviewed  in  [54].  The  size  of  the  hole  made  in  the  sheet  appears  to  be 
related  to  the  charge  delivered,  and  tlie  thickness  of  the  metal  sheet. 

For  example,  delivery  of  a charge  of  lOOC,  corresponding  to  a fairly  severe, 
lightning  flash,  was  observed  to  cause  boles  as  follows. 


Material 


Stainless  steel 

0.25 

300 

Copper 

0.51 

150 

Aluminium 

1.3 

60 

Aluminium 

2.54 

20 

Fig,  fiZ.l  Transient  heating  curves  for  copper,  alwniyiiiov,  and  galvanised 
steel  conductors  carrying  lightning  current. 
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APPENDIX‘4 

RECOMMENDED  EARTHING  FOR  DUJl.DIKGS  AND  TOWERS 
AND  MEASUREMENT  OF  EARTH  RESISTANCE 

A general  account  of  earthing  for  the  purpose 'of  lightning  protection 
is  given  in  [54]  and  [57]  and  detailed  reconuriendations  are  given  In  [56], 

[58],  and  [59].  In  this  appendix  a summary  is  given  of  some  of  the  recommend- 
ations contained  in  these  references. 

The  general  layout  of  the  earthing  system  suitable  for  a building  is 
shovm  in  Fig.  11  and  in  Fig.  A2.1.  Individual  earthing  rods  are  driven  to  a 
depth  of  one  or  two  metres  and  may  be  copper,  alumiirium,  or  galvanised  steel, 
depending  on  local  experience  with  corrosion  problems.  An  isolated  round 
rod  of  radius  a(m)  driven  a distance  I.  (m)  into  ground  of  uniform  resistivity 
p (J2ra)  has  a resistance  R(fi)  given,  according  to  [54]  by 

E - 2^  (lose - 1)»  (A4-1) 

Thus  the  variation  of  earth  resistance  with  the  depth  to  which  the  rod 
is  driven  can  be  plotted  as  in  Fig.  a4.1,  where  the  curve  is  drawn  for  a rod 
or  pipe  25mm  outside  diameter.  The  vertical  ordinate  for  a given  I is  multi- 
plied by  the  resistivity  p,  to  obtain  R.  The  curve  shows  that  R decreases 
quite  slowly  once  a depth  of  1 to  2m  is  reached,  so  it  is  more  profitable  to 
drive,  say,  four  rods  to  a depth  of  Im  than  one  rod  to  a depth  of  4m,  provided 
the  four  rods  are  well  spaced  (e.g.  3m  or  more  apart).  An  exception  to  this 
general  rule  exists  where  high  resistivity  surface  soil  overlays  low  resist- 
ivity soil.  It  may  then  be  essential  to  drive  rods  to  considerable  depth  to 
achieve  a required  earth  resistance. 

The  building  earth  would  normally  have  earth  rods  at  each  corner  of  the 
building,  and  sufficient  additional  rods  to  achieve  the  target  earth  resist- 
ance. In  high  resistivity  soil  where  the  required  number  of  rods  becomes 
excessive,  i.e.  the  rods  have  to  be  placed  very  close  together,  it  would  be 
no  longer  valid  to  combine  their  resistances  as  independent  parallel  paths 
to  earth.  It  would  then  become  necessary  to  extend  the  earthing  system  out- 
ward from  the  building,  as  suggested  in  Fig.  A2.1. 

It  may  be  found  that  a buried  strip  electrode  becomes  more  economical 
than  a number  of  driven  rods.  The  earth  rcsist.ance  of  a strip  electrode  of 
radius  a(m),  length  H (m) , buried  at  deptli  d (ra)  is  soil  of  resistivity  p (S7m) 
is  given  according  to  [54]  by 

R = (loge  - 1)  n 


(A4.2) 
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The  manner  in  which  R/p  varies  with  t for  a 12inm  dia.  rod  buried  0.5ra 
below  the  surface  is  shown  in  Fig.  hh.2. 

I 

I 

! Wliere  the  combination  of  driven  rod  electrodes  adjacent  to  the  build- 
ing foundations,  and  additional  buried  strip  electrodes,  (for  example,  four 
strips  radiating  from  each  corner  of  the  building)  is  insufficient  to  provide 
the  required  earth  resistance  it  will  be  necessary  to  consider  the  methods 
outlined  J.n  Appendix  5 for  very  high  resistivity  areas. 

For  steel  lattice  towers,  basically  the  same  earthing  techniques  way 
be  applied.  An  earth  stake  adjacent  to  each  tower  leg,  and  linked  to  the  leg 
may  be  adequate  in  low  resistivity  areas.  For  areas  of  higher  resistivity, 
extension  of  the  earthing  network  by  the  methods  outlined  above  will  be 
necessary,  i.e.,  additional  driven  rods,  or  buried  strip  electrodes  radiating 
from  each  tower  leg,  or  both. 

The  manner  in  which  the  effectiveness  of  multiple  driven  rods  decreases 
as  the  rod-to-rod  spacing  decreases  is  discussed  in  [56]  where  the  percentage 
increase  in  earth  resistance  of  individual  rods  is  given  as  a function  of 
rod-to-rod  spacing.  This  information  is  reproduced  in  Fig,  A4.3.  It  appears 
that  it  could  be  applied,  for  example,  to  a number  of  driven  rods  along  a line, 
as  in  Fig.  A2.1  . 

For  preliminary  calculations,  it  may  be  useful  to  have  an  approximate 
value  of  resistivity,  depending  on  the  type  of  soil  or  rock.  Some  typical 
values  given  in  [56]  are  reproduced  in  Table  A4.1.  It  is  pointed  out  in  [56] 
that  soil  resistivity  may  be  highly  moisture  and  temperature  dependent.  Clay 
with  'V'  15%  moisture  varies  from  p = 72fi  m at  20°C  to  p = 790to  at  -S'C.  Tor  a 
sard/clay  mixture,  p varies  fromlO^ftmat  zero  moisture  content  to  42n  m at  30% 
moisture. 

Methods  and  instrumentation  for  earth  resistance  measurements  are  given 
in  [7]  and  [56]. 


TABLE  A4.1  (FROM  [56]) 

TYPICAL  VALUES  OF  RESISTIVITY  OF  SOME  SOILS  AND  WATERS 


Type  of  soil  or  water 

T’ypical 
resistivity 
n n 

Usual  limits 

0 m 

Seawater 

2 

0.1-  10 

Clay 

40 

8-  70 

Ground,  well  and  spring  water 

50 

10-  150 

Clay  and  sand  mixtures 

100 

4-  300 

Slates,  shale,  sandstone,  etc. 

120 

10-  1,000 

Peat,  loam  and  mud 

150 

5-  250 

Lake  and  brook  water 

250 

100-  400 

Sand 

2,000 

200-  3,000 

Moraine  gravel 

3,000 

40-  10,000 

Ridge  gravel 

15,000 

3,000-  30,000 

Solid  granite 

25,000 

10,000-  50,000 

Ice 

100,000 

10,000-100,000 

NUMBER 
OF  RODS 


SPACING  BETWEEN  RODS 
ROD  LENGTH 


Fig.  A4.  3 Retation  between  pevaentage  increase  in  earth  resistance  of  an 
array  of  rods  driven  into  ground  and  the  ratio  spacing  between 
rods  to  rod  length  in  ground.  Adapted  from  [56]. 
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APPENDIX  5 

1 • SPECIAL  EARTHING  ARRANGEMENTS  FOR  ■ 

■ HIGH  RESISTIVITY  AREAS 

In  situations  where  the  recoimnended  target-  earth  resistances  for 
buildings,  towers,  etc.  cannot  be  obtained  with  reasonable  numbers  of 
driven  rod  or  buried  strip  electrodes,  it  will  be  necessary  to  adopt 
the  alternative  strategy  of  creating  a common  earth  system  for  the 
complete  installation.  The  objective  here  is  to  prevent  dangerous 
differences  of  potential  anywliere  within  the  installation,  even  though 
the  entire  earthing  system  is  momentarily  raised  to  a high  potential.  This 
type  of  situation  occurs,  for  example,  in  installations  on  rocky  mountain 
tops  where  the  high  resistivity  of  the  rock  prevents  satisfactory  earthing 
by  conventional  methods. 

Recommendations  for  a common  earthing  system  for  this  type  of 
situation  are  contained  in  [60].  The  use  of  a common  earth  for  incoming 
power  and  communication  services  may  conflict  with  the  codes  or  regulations 
of  the  relevant  authorities.  Nevertheless  it  is  considered  important  to 
implement  the  proposal  in  the  interest  of  equipment  survival  and  personnel 
safety. 

The  common  earth  system  should  be  created  by  linking  tcgether  the 
earths  of  the  various  buildings,  towers,  etc.,  that  make  up  the  complete 
Installation.  The  links  should  have  resistance  sufficiently  low  to  prevent 
dangerous  potential  differences  (or  potential  gradients)  between  any  two 
parts  of  the  installation  when  carrying  the  largest  lightning  current  under 
consideration  (e.g.  80  or  lOOkA) . This  earthing  system  would  normally  be 
linked  by  downleads  to  overhead  shield  wires  used  to  protect  the  instal- 
lation from  direct  strikes,  and  should  be  arranged  to  intercept  ground 
currents  from  strikes  outside  the  installation. 


If  the  overall  earth  resistance  of  the  complete  Installation  were 
still  excessive  despite  the  measures  outlined  above  (this  could  occur,  for 
example,  if  the  hill  top  were  composed  mainly  of  quartzite),  it  would  be 
necessary  to  run  an  additional  buried  strip  conductor  to  a remote  site  of 
lower  resistivity. 
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APPENDIX  6 

CALCULATION  OF  LIGHTNING-CAUSED  CURRENTS  AND  VOLTAGES 
IN  TYPICAL  STRUCTURES 

A lightning  strike  to  an  elevated  object  such  as  a mast  or  tower 
or  tall  building,  causes  injection  of  current  having  the  characteristics 
described  in  Ch.  2.  The  consequent  variation  of  voltage  in  the  object 
depend  in  a complicated  way  on  the  current  waveshape  and  the  geometry 
and  other  properties  of  the  object.  The  values  of  the  time  to  current 
peak  or  crest,  tc>  and  the  time  required  for  an  electromagnetic  wave  to 
travel  from  the  top  of  the  object  to  earth  and  back  tw  are  important  in 
determining  the  current/voltage  relationship.  If  tw  <<  to,  corresponding 
to  an  object,  say,  less  than  20m  high,  the  potential  of  the  top  of  the 
object  will  be  determined  mainly  by  a combination  of  the  resistance  and 
inductance  of  the  object,  and  the  resistance  of  the  earth  connection.  An 
approximate  equivalent  circuit  is  shown  in  Fig.  A6.1.  The  distributed 
capacitance  to  earth  of  various  parts  of  the  object  is  represented  by 
one  or  more  lumped  capacitance  elements  as  shown;  these  may  affect  the 
potential  in  some  situations. 

Where  tw  and  tc  are  of  the  same  order  of  magnitude,  the  system 
becomes  more  difficult  to  analyse,  as  the  travelling  waves  of  current 
and  voltages  have  a dominant  effect  on  the  potentials  at  various  parts  of 
the  system  in  the  first  few  microseconds  of  the  lightning  stroke  current 
injection.  This  is  the  type  of  situation  that  exists  in  the  steel  lattice 
towers  of  high  voltage  power  transmission  lines,  of  the  order  of  30m  or 
more  high.  A number  of  authors  have  analysed  this  situation  in  relation 
to  the  lightning  performance  cf  tiiese  lines  [61,  62,  63  and  64],  to  which 
the  reader  is  referred  for  detailed  treatments.  It  will  suffice  for  the 
present  purpose  to  summarise  the  main  conclusions  reached  by  these  authors 
that  appear  relevant  to  the  estimation  of  peak  voltages  at  the  top  of 
structures  such  as  microwave  towers  and  antenna  masts. 

In  [64]  it  is  shown  that  the  variation  with  time  of  tower  top 
potentials  can  be  calculated  using  travelling  wave  methods,  assuming 
earth  and  tower  hav£'.  infinite  conductivity,  no  corona  effects,  waves 
of  charge  and  current  travel  at  the  velocity  of  light,  and  current  waves 
maintain  their  waveshape  as  they  travel. 

For  each  individual  travelling  wave,  the  voltage/current  relation- 
ship is  expressed  as  a surge  impedance.  VJliere.  the  current  wave  can  be 
approximated  as  a ramp  commencing  at  t " 0,  and  the  object  can  bo  approx- 
imated as  a cylinder  of  height  h,  radius  r,  it  is  sl\own  that  the  surge 


I 


I 

Impedance  is  given  by 

Z = 60  loge(»^  - 60  ohm  (A6.1) 

provided  ct  >>  r and  h >>  r. 

Where  the  object  can  be  approximated  as  a right  circular  cone,  the 
surge  impedance  is  given  by 

Z = 60  loge(v^/S)  ohm  (A6.2) 

where  S is  the  sine  of  the  half  angle  of  the  cone. 

The  validity  of  the  methods  given  in  [64]  was  confirmed  by  actual 
potential  measurements  in  scale  model  tests.  In  particular,  the  response 
of  a steel  lattice  tower  of  a type  used  for  a high  voltage  transmission 
line  was  determined.  The  more  important  aspect  of  the  results  obtained  is 
the  manner  in  which  the  peak  tower  top  potential  is  related  to  the  tower 
surge  impedance,  and  the  time  to  crest,  tc  of  the  current  wave.  This 
relationship  is  shown  in  Fig.  A6.2,  adapted  from  Fig.  3 of  [64]. 

As  an  example  of  the  application  of  these  relations,  consider  a 
steel  lattice  tower  of  height  about  30m  (similar  to  the  structures  analysed 
in  [64])  representable  as  a cone  of  half  angle  5°,  subjected  to  a current 
impulse  rising  to  peak  value  1,^  in  2.5  ys.  From  (A6.2)  the  surge  impedance 
is  approximately  170  ohm,  and  the  peak  tower  top  potential  would  be  about 
26  V/A  from  Fig.  A6.2,  i.e.  26  Im  volt.  For  a peak  current  of  80kA  assumed 
as  the  "worst  case"  situation,  the  peak  tower  top  potential  is  about  2MV'. 

Estimates  of  this  type  are  probably  accurate  enough  for  the  purpose 
of  selecting  insulating  levels,  specifying  clearances,  etc.  \'/here  more 
detailed  information  of  the  time  variation  of  potential  is  required,  travel- 
ling wave  calculations  as  described  in  [65]  would  have  to  be  undertaken. 


V (POTENTIAL  AT  TOP  OF  STRICKEN  OBJECT) 


REPRESENT 
DISTRIBUtED 
CAPACITANCE 
TO  EARTH. 


EARTH 

RESISTANCE 


Fig.  A6.1  Approximate  equivalent  airouit  of  an  eleatricallij  short  oboect 
struck  by  lightning. 


NOMINAL  TIME  TO  CREST 
OF  WAVE  : 2-5yS,L,.— 


PEAK 

VtA 


250 

TOWER  SURGE  IMPEDANCE  (OHM) 


Fig.  A6.2  Relation  between  peak  tower  top  potential  and  tower  surge 

impedance  for  steel  lattice  towers  of  the  type  used  in  high 
voltage  transmission  liyxes.  Adapted  from  Fig.  3 of  iC4]. 

Vf,  = peak  tower  top  potential. 
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APPENDIX  7 

CALCULATION  OF  INDUCED  SURGE  IN  A SIGNAL  CONDUCTOR 

In  the  situation  shovm  in  Fig.  12  the  signal  conductors  connecting 
equipment  in  separate  parts  of  an  installation  are  p-rotected  from  direct 

1 

strike  by  the  overhead  shield  wire.  Flashover  to  the  signal  conductors  from 
a stricken  part  of  the  system  is  prevented  by  maintaining  adequate  clearances 
and  by  low  resistance  earthing.  At  each  end,  it  will  be  assumed  that  the 
signal  conductors  enter  a portion  of  the  installation  (building,  etc.)  where 
no  voltage  surge  can  be  induced  by  liglitning.  The  recommended  protection  in 
this  situation  is  shown  in  Figures  25  to  32,  depending  on  the  type  of  signal 
under  consideration. 

I 

The  expected  behaviour  of  this  protective  system  can  be  assessed  in  j 

terms  of  the  approximate  equivalent  circuit  shown  in  Fig.  A7.1  (p.Sl).  The  light- 
ning current  injection  is  represented  by  a current  source,  with  peak  current 
Ij])  and  front  time  of  tf.  Assume  that  the  shield  wire  is  earthed  at  intervals 
of  Si  metres,  each  earth  stake  has  resistance  Re  to  earth,  and  that  the  current 
is  entirely  discharged  by  n earth  stakes  along  the  length  of  the  signal 
conductor. 

Then  the  resistance  to  earth  is  Re/n,  from  shield  wire  to  earth,  and  i 

the  voltage  on  the  shield  wire  will  rise  to  I-n  Re/n  in  tf  seconds,  assuming  j 

the  system  is  electrically  short.  This  voltage  will  be  coupled  to  the  signal  I 

conductor  through  the  capacitance,  C^.  The  lightning  current  flowing  through  | 

the  shield  wire  to  the  earth  stakes  will  cause  a longitudinal  induced  voltage 

in  the  signal  conductors  because  of  the  mutual  inductance.  These  two  voltage  ^ 

sources  will  be  considered  separately.  ‘ 

1 

The  capacitance  Cq  can  be  estimated  from  ( 

1 

C(./n^  = 7rG/loge(d/a)  F/m.  (A7.1)  j 

where  d is  the  separation  and  a the  radius  of  the  conductors.  For  a = 4mra  ; 

'•  J 

and  d = Ira,  Cq/L  - 5 x 10~^^  F/m;  rxl  is  the  distance  over  which  coupling 
exists  between  slileld  wire  and  signal  conductor. 

Assuming  the  signal  conductor  is  held  at  approx,  earth  potential  by 
a protective  device  carrying  a current  Is,  then 

Is  = C(dV/dt) 

= Cc  (AV/tf) 

= Cc  (Re/n) Cl^/tf) 

Rp  I,n 

Iloge(d/a)]n  tf 


:^clL  R„  I„ 

_ ^ ' e m 

” [loggCd/a)  ]tf 


(A7.2) 


For  iTe/loge(d/a)  = 5 x 10”^^  F/m,  Jl  = 20m,  Re,=  20fi,  --  80kA,  and  tf  = 10“®s, 

Is  ==  5 X 10“^2  X 20  X 20  X 80  X lO^/lO"^ 

= 160A  (flowing  for  Ips) 

Note  that  this  current  is  independent  of  the  length  over  which  coupling 
exists  provided  £.  is  constant,  i.e.  the  shield  wire  is  earthed  at  regular 
intervals. 

The  worst  situation  for  causing  a longitudinal  voltage  exists  when 
the  shield  wire  is  struck  near  one  end,  and  the  surge  current  flows  one  vray 
along  the  shield  wire,  each  earth  stake  carrying  1/n*^^^  of  the  current.  The 
mean  current  in  the  shield  wire  is  then  one  half  the  stroke  current  injected, 
see  Fig.  A7.1.  From  [66]  the  mutual  inductance,  M,  is  given  by 


M/nZ  = logg  — (H/m)  , 

and  the  self  inductance  is  given  by 

L/nS.  “ — logg  — (H/m) 

71  a 

The  mean  value  of  dl/dt  along  the  shield  wire  is 


dl/dt  = Y Im/tf  A/s,  for  t = 0 to  tf. 
Hence  the  longitudinal  induced  voltage 

= M dl/dt 


(A7.3) 


(A7.4) 


(A7.5) 


(A7.6) 


Assume  as  before  that  a protective  device  holds  the  signal  wire  at  approx- 
imately earth  potential  by  carrying  current  Ig.  The  equivalent  circuit  of 
this  system  consists  of  a voltage  source  M dl/dt  for  tir.Te  tf  in  series  with 
the  self  inductance  of  the  signal  wire,  L. 


As  L (dis/dt)  = M dl/dt 


(A7.7) 


I 

L 


M b T 

di/dt  dt  . - 


(A7.8) 


Substituting  from  (A7.3)  and  (A7.4), 


nt  (Po/27i)logg(d' /d) 
2n£(Po/27i)logg(2h/a) 


logo  (d'/d) 

“ rTog~(2h/a)^"'’ 


(A7.g) 


Typical  values  are 


d'  = 5m,  d = Im,  h = 3m,  a = Amm 


Whence 


Is 


0.1  I„ 


(A7.10) 


For  Inj  = 80kA,  Ijj  = 81cA,  showing  that  a gas  arrester  is  the  best  choice  of 
protective  device,  having  a rapid  breakdown  and  a current  capacity  of  about 
10‘*A. 


MUTUAL 

INDUCTANCE  PROTECTIVE 


Fig.  A7.1  Approximate 
shield  wire 


equivalent  airouit  for  coupling  between  a stricken 
and  a signal  wire. 
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APPENDIX  8 

PROTECTION  OF  TELECOMMUNICATION  LINES 

A comprehensive  review  of  the  lightning  protection  of  telecommunication 
lines  is  given  in  a manual  published  by  C.C.I.T.T.*  Study  Group  V,  [67], 
Detailed  recommendations  for  application  in  Australia  are  given  in  internal 
documents  of  Australian  Telecommunication  Commission  [58]  and  [68],  A review 
of  recent  developments  in  lightning  protection  in  Australia  is  given  in  [69], 

While  details  of  the  lightning  protection  of  incoming  telecommunication 
services  must,  of  course,  be  left  to  the  appropriate  authority,  some  special 
consideration  should  apply  where  the  installation  served  has  an  earthing  pro- 
blem, as  in  a high  resistivity  area.  If  the  strategy  suggested  in  Appendix  5 
has  to  be  adopted,  then  the  combined  installation  earth  should  be  used  as  the 
earthing  point  for  protective  equipment  (e,g,  gas  arresters)  used  for  the 
protection  of  incoming  telecommunication  lines.  If  this  is  not  done,  danger 
to  personnel  and  equipment  may  result. 

* The  International  Telegraph  and  Telephone  Consultative  Coraniittee 
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APPENDIX  9 

RECOMMENDED  FAULT  REPORTING  FOR  LIGHTING-CAUSED  FAULTS 

The  following  information  should  be  supplied. 

1.  Identification  of  damaged  part(s). 

2.  Description  of  nature  of  damage. 

3.  Observation  of  any  consequent  damage  to  other  components  or  equip- 

ment. 

4.  Route  by  which  lightning- caused  surge  reached  equipment. 

5.  Nature  of  protective  devices,  if  any,  and  reason  for  failure  of 
protective  system. 

6.  Description  of  weather  conditions  at  time  of  occurrence  of  fault, 
e.g.  occurrence  of  nearby  lightning  flashes  to  ground. 
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